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ABSTRACT 
Karen Saretta Wendling 
Methods to Detect Volatile Organic Compounds using Selected-Ion Chemical Ionization 
Mass Spectrometry 
(Under the direction of Dr. Gary L. Glish) 
 The results described in this dissertation detail several methods for detecting volatile 
organic compounds (VOCs) using selected-ion chemical ionization (SICI) in a quadrupole 
ion trap mass spectrometer (QITMS). In this work, various reagent ions were generated 
using constant or pulsed glow discharge ionization in a custom glow discharge source. The 
reagent ions were then brought into the quadrupole ion trap mass spectrometer where 
VOCs analytes could be ionized by a selected reagent ion species.   
 Many of the current methods to detect VOCs utilize chemical ionization with 
hydronium reagent ions. The hydronium reagent ionizes most VOCs via proton transfer 
ionization. Analyte fragmentation is minimal so most VOCs are detected as [M + H]+ ions. 
The limitation of this method, however, is that isomeric or isobaric VOCs cannot be 
distinguished in the mass spectrum. Six VOCs were the primary focus of this work: isomers 
isoprene and cyclopentene, isomers methyl vinyl ketone and methacrolein, and isobars 2-
methylfuran and cyclohexene. 
 The results described in this dissertation focus on two methods to detect and 
distinguish VOCs. First, several different reagent ion species were used to ionize the VOCs. 
The hydronium reagent ionized all six VOCs via proton transfer. Nitric oxide (NO+) reagent 
ions were used to ionize isoprene, cyclopentene, 2-methylfuran, and cyclohexene via 
charge-transfer ionization. When methacrolein was ionized, [M – H]+ ions were formed. 
Protonated acetone reagent ions were used to selectively ionize isoprene, methyl vinyl 
iv 
 
ketone, and 2-methylfuran. Second, the VOC ions were dissociated using collision-induced 
dissociation (CID) or infrared multiphoton photodissociation (IRMPD). In general, 
dissociating isomers or isobars produced product ions having indistinguishable mass-to-
charge ratios. Dissociation of the molecular ions of 2-methylfuran and cyclohexene, 
however, produced diagnostic product ions. Using IRMPD for a 50 ms irradiation time to 
dissociate protonated methyl vinyl ketone, methacrolein, and a third isomer, crotonaldehyde, 
produced an unexpected result: methacrolein remained essentially undissociated while the 
other two isomers dissociated to products having different mass-to-charge ratios. The ability 
of SICI-QITMS to detect VOCs using a variety of reagents and to study VOC ions using 
dissociation methods shows that SICI is a promising alternative to current VOC detection 
methods. 
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Chapter 1 
Detecting Volatile Organic Compounds using Mass Spectrometry 
 
1.1 Volatile Organic Compounds in the Environment 
 Volatile organic compounds (VOCs) are hydrocarbons and hydrocarbon derivatives 
that readily convert from the liquid to the gas phase.1 In the environment, VOCs can be 
classified as biogenic or anthropogenic in origin. Biogenic VOCs include non-methane 
organic gases emitted by plant and tree species. Isoprene (C5H8) and the monoterpenes 
(such as the α- pinene, C10H16), together called the isoprenoids, are the most abundant of 
the biogenic VOCs.2 Anthropogenic VOCs include industrial emissions from the use of 
organic solvents and emissions from incomplete combustion or volatilization of hydrocarbon 
fuels.1  
 VOCs play a key role in the formation of tropospheric, or “ground level,” ozone which 
is an important component in photochemical smog. Tropospheric ozone is produced by the 
reaction of VOCs with nitric oxides (NOx: NO and NO2) in the presence of sunlight.3 NOx are 
primarily emitted from the burning of fossil fuels. VOCs are photooxidized to form organic 
peroxy radicals (RO2•) and HO2 radicals which react with nitric oxide to form NO2: 
 RO2• + NO → RO• + NO2 Reaction 1.1 
 Photolysis of NO2 is the primary source of tropospheric ozone according to the following 
reaction scheme:4 
 NO2 + hv → NO + O(3P) Scheme 1.1 
 O(3P) + O2 → O3 
2 
 
  The concentration of ozone formed at the ground level is usually a health hazard in 
warm, sunny cities where high concentrations of NOx from anthropogenic sources are 
present and meteorological conditions prevent the dispersal of NOx and VOCs.5 The 
emission of VOCs from biogenic and anthropogenic sources is of serious concern because 
in urban settings with high concentrations of NOx, the VOC concentration controls how much 
tropospheric ozone is formed. Over the last twenty years, efforts have focused on the study 
of biogenic VOCs to determine their contribution to the formation of tropospheric ozone as 
biogenic emissions of VOCs can equal or outweigh anthropogenic emissions.5-7  
 The fate of isoprene in the environment is of particular importance because of its 
prevalence as a biogenic VOC and its high photo-reactivity with oxidants present in the 
environment such as OH•, O3, and NO3•.8 When isoprene reacts with OH• in the presence of 
sunlight, first-generation photooxidation products such as methacrolein and methyl vinyl 
ketone are formed.8 Methacrolein and methyl vinyl ketone are isomeric VOCs with the 
chemical formula C4H6O. Much research has focused on detecting isoprene and its 
photooxidation products methyl vinyl ketone and methacrolein, particularly to study the role 
of biogenic VOCs in the formation of tropospheric ozone and to understand the reactions of 
these chemicals in the environment.9-12  
 
1.2 Mass Spectrometry 
 To detect and quantify VOCs in air, a real-time continuous monitoring method is 
required. The method must have a limit of detection at the single-digit parts-per-billion (ppb) 
level or better, be able to differentiate between structurally-similar VOCs, and be sensitive to 
changes in VOC concentration. Mass spectrometry (MS) has become the analytical method 
of choice for VOC analyses.13 Mass spectrometers separate and detect gas-phase ions 
according to mass-to-charge (m/z) ratio. A mass spectrometer usually consists of an 
ionization source, a mass analyzer, and a detector. Once the analyte is ionized, the mass 
3 
 
analyzer separates the ions according to mass-to-charge ratio using electric and/or 
magnetic fields. The separated ions are detected and a mass spectrum is generated 
showing the relative intensity of ions versus mass-to-charge ratio. 
 
1.3 Ionization of Volatile Organic Compounds 
1.3.1 Fragmentation 
When choosing an ionization method for the analysis of VOCs in air, perhaps the 
most important requirement is that ionization produces minimal fragmentation of the VOC 
analyte. Fragmentation occurs during ionization when the internal energy gained by the 
analyte ions is greater than the energy required for dissociation during the timescale of the 
ion-detection experiment. Electron ionization (EI), perhaps the most common ionization 
method, is not often used to study VOCs because the ionization produces extensive 
fragmentation of the VOCs.14 An EI mass spectrum of an unknown mixture of VOCs would 
contain so many molecular (M+•) and fragment ions it would be difficult to determine the 
identity of the VOC analytes. Fragmentation of an analyte with a high mass may obscure the 
molecular ion of a low mass analyte. In some cases, the molecular ions are completely 
fragmented and are no longer detected themselves.15  
Chemical ionization (CI) is most often used to study VOCs. In chemical ionization, 
the analyte is ionized by a gas-phase reaction with another ionic species, typically known as 
the reagent (R) ion. The two most common chemical ionization processes are charge-
transfer ionization and proton-transfer ionization. In charge-transfer ionization, the analyte 
(M) is ionized by an ionic reagent (R+•) according to following reaction:16  
 M + R+• → M+• + R Reaction 1.2 
The recombination energy of the reagent is defined as the exothermicity of electron addition 
to the reagent ion.16 When the recombination energy (RE) of the reagent is greater than the 
ionization energy (IE) of the analyte, charge transfer ionization is exothermic (Equation 1.1). 
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 ∆H = IE(M) – RE(R) Equation 1.1 
A good estimation of the reagent ion’s recombination energy is the ionization energy 
of the neutral reagent. Ionization energies are known for many organic molecules and are 
readily available in the literature. To ionize VOCs with little fragmentation of the analyte, a 
charge-transfer reagent can be selected so that the exothermicity of Reaction 1.2 is 
minimized. 
In proton-transfer ionization, a proton is transferred from the reagent ion to ionize the 
analyte, forming the protonated analyte molecule, [M + H]+. The overall protonation reaction 
is shown in Reaction 1.3:15 
 M + RH+ → [M + H]+ + R Reaction 1.3 
Reaction 1.3 is analogous to liquid-phase acid-base chemistry where M is the Brönsted 
base and RH+ is the Brönsted acid. The analyte protonation reaction is shown in Reaction 
1.4:  
M + H+ → [M + H]+ Reaction 1.4 
The free energy release of Reaction 1.4 is known as the gas-phase basicity. Proton affinity 
is defined as the enthalpy release of Reaction 1.4, but proton affinity is often used 
synonymously with the gas phase basicity.17 Proton affinity values are available for many 
VOCs of interest.  
Reaction 1.3 is considered to be exothermic when the proton affinity of M is greater 
than the proton affinity of R. A highly exothermic reaction is more likely to cause the analyte 
ion to fragment. Thus when using proton-transfer ionization to ionize VOCs, careful selection 
of the reagent ion species can result in minimal analyte fragmentation. In proton-transfer 
reaction mass spectrometry (PTR-MS), hydronium (H3O+) reagent ions are used to ionize 
VOCs with little fragmentation. A single peak in the mass spectrum can correspond to a 
single analyte; this allows many different VOCs to be studied simultaneously and simplifies 
spectrum interpretation.  
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1.3.2 Selective Ionization  
The fundamental limitation encountered when analyte fragmentation is prevented is 
that isomeric or isobaric VOCs cannot be distinguished in the mass spectrum. Isomeric 
VOCs have the same chemical formulae and mass, but have different chemical structures. 
Isobaric VOCs have different chemical formulae but have the same relative molecular mass 
(Mr). While isobaric analytes can be separated by high resolution mass spectrometers like a 
time-of-flight (TOF) or a Fourier transform ion cyclotron resonance (FTICR) mass 
spectrometer, isobars have indistinguishable mass-to-charge ratios when analyzed with a 
quadrupole ion trap or a quadrupole mass analyzer like that used in PTR-MS.  
Charge-transfer ionization can be used to detect VOCs and distinguish between 
VOC isomers and isobars. Selected-ion flow tube mass spectrometry (SIFT-MS) uses a 
quadrupole to select an ionizing reagent having a single mass-to-charge ratio.18 The 
selected reagent ion species ionizes VOC analytes in a flow tube; the VOC ions are then 
detected using a quadrupole mass analyzer. In addition to hydronium ions, SIFT-MS has 
also utilized NO+ reagent ions for selective charge-transfer ionization.18 NO+ reagent ions 
will only ionize VOCs having ionization energies less than 9.26 eV.19 Nitric oxide ions have 
also been found to ionize certain VOCs according to unique chemical ionization pathways. 
Ionization of aldehydes often proceeds by hydride (H-) abstraction where [M – H]+ ions are 
formed according to Reaction 1.5. When reacted with certain alcohols, NO+ reagent ions can 
form [M – OH]+ VOC ions via hydroxide abstraction (Reaction 1.6).18 
 M + R+ → [M – H]+ + RH Reaction 1.5 
M + R+ → [M – OH]+ + ROH Reaction 1.6 
 The ability to use different reagent ion species for chemical ionization increases the 
selectivity of the VOC detection method. An isomeric aldehyde and ketone pair may be 
indistinguishable when protonated by hydronium reagent ions; the [M + H]+ ions have the 
same mass-to-charge ratios. Switching the reagent to NO+ allows these isomers to be 
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distinguished in the mass spectrum as aldehydes form [M – H]+ ions and ketones often form 
adduct ions, [M + NO]+.18 
 
1.4 Selected-Ion Chemical Ionization 
 In selected-ion chemical ionization MS (SICI-MS), reagent ions are generated in an 
ionization source while the neutral analyte is leaked directly into the trapping mass 
analyzer.20-25 The reagent ions are directed into the analyzer where a single reagent ion 
species is selected by ejecting all other ions from mass analyzer.26 In SICI, analyte 
ionization occurs in the mass analyzer via ion-molecule reactions between the analyte and 
the selected reagent ions. In this work, reagent ions are generated in the source region of a 
quadrupole ion trap mass spectrometer (QITMS). The reagent ions are directed into the 
quadrupole ion trap where selected reagent ions react with the neutral VOCs during an ion-
molecule reaction time. One ionized, the VOCs are stored in the quadrupole ion trap until 
they are ejected for spectrum acquisition. 
A point of difference between SICI and those techniques relying on a drift or flow 
tube for VOC ionization (e.g. PTR-MS and SIFT-MS) is that in SICI the ion-molecule 
reaction time is controlled by the user. One benefit of controlling the ion-molecule reaction 
time is that reaction rate constants can be determined. For example, consider Reaction 1.3 
where protonated reagent ions (RH+) ionize the analyte (M) by proton-transfer ionization. 
Assuming a pseudo-first-order reaction where [M] >> [RH+], then the following equation can 
be used to determine the proton-transfer rate constant (k):27 
 
[ ]
[ ] [ ]ln
RH
RH
t M kt
+
+ = −
0
 Equation 1.2 
In Equation 1.2, the concentrations of RH+ at time zero and at time t can be replaced with 
the corresponding ion intensities from spectra acquired at two different reaction times. The 
concentration of M can be determined from the pressure of M in the mass analyzer. 
7 
 
Typically a plot of 
[ ]
[ ]ln
RH
RH
t
+
+
0
versus reaction time is constructed and the rate constant 
calculated from the slope of the linear regression. Once the reaction rate constant is known, 
the concentration of an analyte sample can be determined by varying the ion-molecule 
reaction time.    
 
1.5 Glow Discharge Ionization 
In this work, glow discharge ionization (GDI) was used to generate reagent ions. 
Glow discharge ionization uses a plasma to ionize neutral analyte or reagent molecules. The 
plasma is formed when a voltage difference is established between two plates, referred to 
as the anode and cathode, separated by a region of low pressure. When the plasma is 
formed, electrons flow from the cathode to the anode.28 While argon is a common gas 
introduced into the glow discharge region between the anode and cathode, air can be 
introduced as an alternative.28, 29 The direct sampling of air is a characteristic of atmospheric 
sampling glow discharge ionization (ASGDI).29  
 The glow discharge consists of several distinct regions including the cathode layer, 
the cathode dark space, the negative glow, and the Faraday dark space. An illustration of 
the distinct regions within the glow discharge plasma is shown in Figure 1.1(a), while a 
photograph of glow discharge ionization of air is shown in Figure 1.1(b).30 Of all the regions 
of the glow discharge plasma, the most important region is the negative glow region; it is in 
the negative glow that the highest concentration of ions exists.31  
Ionization in the glow discharge plasma can occur via many different ionization 
pathways.31 In glow discharge ionization of air, nitrogen is ionized by electron ionization as 
shown in Reaction 1.7.  
 N2 + e- → N2+• + 2e- Reaction 1.7 
The emission of an electron from the molecule being ionized results in a cascade of 
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Figure 1.1: (a) Regions of the glow discharge plasma and (b) a 
photograph of glow discharge of air (b). 
a) 
b) 
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ionization reactions. Once ions are formed, chemical ionization via charge-transfer or 
proton-transfer ionization can occur (Scheme 1.2). 
N2+• + O2 → N2 + O2+• Scheme 1.2 
H2O+• + H2O → H3O+ + OH• 
In addition to forming gas-phase ions, glow discharge produces electronically-excited 
molecules when an electron impact is insufficient for ionization to occur. For example, glow 
discharge of air produces electronically-excited nitrogen molecules (N2*); the relaxation of 
these molecules produces photons which gives the plasma its characteristic purple glow 
(Figure 1.1(b) and Reaction 1.8). 
N2* → N2 + hv Reaction 1.8 
 
1.6 Quadrupole Ion Trap Mass Spectrometry 
1.6.1 Introduction 
The quadrupole ion trap consists of three trapping electrodes with hyperbolic 
surfaces: an entrance electrode, a central ring electrode, and an exit electrode as shown in 
Figure 1.2. The trapping volume of the QITMS is the space defined by the three electrodes; 
a cross section of the electrodes and the trapping volume is shown in Figure 1.2.26 
Reagent ions generated in the source region are directed into the quadrupole ion 
trap (Figure 1.2). An ac voltage with a frequency of 1.1 MHz, known as the rf trapping 
voltage, is applied to the ring electrode. The rf trapping voltage causes ions to be stored 
within the trapping volume of the quadrupole ion trap. The dimensions of the trapping 
volume are defined by the r0 and z0 distances labeled in Figure 1.2(b). Ions are only trapped 
when their trajectories of motion remain within the space defined by r0 and z0.  
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Figure 1.2: The trapping electrodes of the QITMS. (a) The entrance and 
exit endcap electrodes and the ring electrode. (b) Ions are directed from 
the source into the trapping volume of the quadrupole ion trap then 
ejected for detection.   
b) 
a) 
11 
 
( ) 22020 2
8
Ω+= zrm
eVqz
 In the quadrupole ion trap used for this work, ions were trapped in the trapping 
volume when their qz values were less than 0.908. The equation for qz is provided below:  
 
    Equation 1.3 
 
In Equation 1.3, Ω is the frequency of the rf voltage, m is the mass of the ion, e is the charge 
of an electron, and V is the amplitude of the rf trapping voltage. According to Equation 1.3, 
mass-to-charge is inversely proportional to qz. The highest qz value trapped ions can have is 
just less than 0.908. The mass-to-charge ratio corresponding to 0.908 is known as the low 
mass cutoff (LMCO) because ions with mass-to-charge ratios smaller than the low mass 
cutoff are not trapped.  
Trapped ions at each mass-to-charge ratio adopt unique frequencies of motion, 
known as secular frequencies, within the trapping volume. The trajectories of trapped ions 
will gradually increase because of coulombic repulsions between the ions. Typically helium 
is added to the mass analyzer region as a bath gas to reduce the kinetic energy of the 
trapped ions through collisions. This collisional cooling reduces ion motion so that ions are 
stored closer to the center of the ion trap, improving both the resolution and sensitivity of the 
mass analyzer.26 However, the ion trap cannot store an infinite number of ions. When ions 
are continually injected into the quadrupole ion trap, the space-charge limit is eventually 
reached. This limit describes the situation where forces due to coulombic repulsions 
between the trapped ions are greater than the trapping forces exerted on the ions by the rf 
trapping voltage. 
1.6.2 Dissociation Methods 
One of the benefits of performing SICI in a quadrupole ion trap is that select VOC 
ions can be dissociated. Dissociation has the potential to distinguish between VOC isomers 
and isobars. Ideally, dissociation of isomeric or isobaric VOC ions will produce product ions 
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having different mass-to-charge ratios. The presence of product ions at specific mass-to-
charge ratios can then be used to determine which isomeric or isobaric parent ions are 
present. When isomers or isobars dissociate to common product ions, the relative product 
ion abundances can be used to identify isomeric parent ions at set experimental 
conditions.32, 33 Two dissociation methods are used in this dissertation: collision-induced 
dissociation (CID) and infrared multiphoton photodissociation (IRMPD).  
1.6.2.1 Collision-Induced Dissociation 
As described in Chapter 1.6.1, trapped ions at each mass-to-charge ratio have 
unique frequencies of motion. When an ac voltage at the ions’ secular frequency is applied 
to the endcap electrodes, the motion of the ions will be resonant with the supplemental ac 
voltage. This resonance excitation causes the ions to gain kinetic energy. When a high-
amplitude (typically > 1 Vp-p) ac voltage is used, the kinetic energy of the ions may increase 
so that the ions are ejected from the quadrupole ion trap; this process is known as 
resonance ejection. When a low-amplitude (typically < 400 mVp-p) ac voltage is used for 
resonance excitation, there is an increase in the frequency of collisions between the ions 
and the helium bath gas; these collisions may result in dissociation of the resonantly-excited 
ions. Thus, CID is a two-step process. First, the resonantly-excited ions are activated by ion-
molecule collisions which convert the ions’ kinetic energy into internal energy. Second, 
dissociation occurs when the ions’ internal energy is greater than the energy required for 
dissociation during the timescale of the trapping experiment.26, 34  
The resonantly-excited ion is known as the parent ion while product ions are those 
formed as a result of the collision. Typically the first step in a collision-induced dissociation 
experiment is to eject all ions from the quadrupole ion trap except the parent ions. This 
ejection effectively isolates the parent ions in the quadrupole ion trap and ensures that any 
product ions originated from the isolated parent ions. Ion ejection is effected by using a 
combination of resonance ejection and/or changing the amplitude of the rf trapping voltage.   
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 CID can be used for tandem mass spectrometry (MSn) experiments. MSn analyses 
are possible because successive generations of product ions can be dissociated using CID. 
Quadrupole ion traps are “tandem in time” instruments: MSn analyses take place 
sequentially in time within the mass analyzer. Tandem mass spectrometry is a powerful tool 
for studying ion structure; it increases the amount of chemical information available which 
can aid in analyte identification.  
1.6.2.2 Infrared Multiphoton Photodissociation 
 Infrared multiphoton photodissociation (IRMPD) is an alternate method of ion 
activation that can be used in trapping instruments like the QITMS. An infrared laser is 
directed through the trapping volume so that infrared photons are absorbed by the trapped 
ions. Photon absorption increases the internal energy of the ions.35 Again, ion dissociation 
occurs when the internal energy is greater than the energy required for dissociation.  
One important difference between using CID and IRMPD for ion activation is that in 
CID, only parent ions are selectively activated while in IRMPD both parent ions and product 
ions can absorb photons. The genealogy of product ions is preserved in MSn analyses using 
CID because parent ions are isolated before each dissociation. However, the diversity of 
product ions having different mass-to-charge ratios is usually greater for IRMPD than for 
CID.35 
 
1.7 Summary and Dissertation Outline  
 This dissertation details the development of selected-ion chemical ionization in a 
quadrupole ion trap mass spectrometer for the detection of volatile organic compounds in 
air. Two general methods are employed to distinguish between isomeric and isobaric VOCs: 
selective ionization using different reagent ion species and VOC ion dissociation using CID 
and IRMPD. The analytical and instrumental methods used throughout this dissertation are 
described in Chapter 2. The method development for generating reagent ions for SICI is 
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described in Chapters 3 and 4: the focus of Chapter 3 is the generation of reagent ions 
using constant glow discharge ionization (cGDI) while Chapter 4 details a pulsed glow 
discharge ionization (pGDI) scheme. Ionization of isomeric and isobaric VOCs is 
demonstrated in Chapter 5 using hydronium, nitric oxide, and protonated acetone reagent 
ions. CID and IRMPD were employed to determine if the isomers and isobars studied 
product unique product ions; these results are described in Chapter 6. Finally, several 
methods are used in combination to generate results described in Chapter 7: three isomeric 
VOCs are ionized by SICI, dissociated using CID, and the isobaric product ions are 
identified by reacting these ions with two different neutral gases. A brief summary of results 
and recommendations for future work using SICI to detect VOCs are provided in Chapter 8. 
 
 
 
 
 
 
Chapter 2 
Instrumental and Analytical Methods 
 
2.1 Introduction 
 The instrumental and analytical methods used in this dissertation are described in 
Chapter 2. All mass spectrometry experiments were completed on a quadrupole ion trap 
mass spectrometer (QITMS) with a custom-built glow discharge ionization (GDI) source. The 
analytical methodology discussed in this chapter includes analyte preparation, analyte 
introduction into the QITMS, and the use of computer software to perform selected-ion 
chemical ionization (SICI) experiments. Finally, an overview of the data analysis techniques 
used in this dissertation is provided.  
 
2.2 Instrumentation 
 A schematic of the instrumental setup used in this dissertation is shown in Figure 
2.1. Briefly, reagent ions were generated using a glow discharge ionization source. The 
reagent ions were directed into the quadrupole ion trap using ion optics. Reagent ions were 
then trapped in the mass analyzer. Volatile organic compounds (VOCs), the analytes under 
study, were leaked directly into the vacuum housing of the QITMS from a TedlarTM sampling 
bag. When VOCs reacted with the trapped reagent ions, the VOCs could become ionized by 
a variety of chemical ionization processes as discussed in Chapter 1.3. Once ionized, 
theVOC ions are trapped in the quadrupole ion trap where several experiments can be 
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Figure 2.1: (a) Illustration of instrument design and (b) the laser path 
through the ring electrode.  
b) 
a) 
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performed to study ion structure and behavior. Ultimately the trapped ions are ejected from 
the quadrupole ion trap and detected to produce a mass spectrum.   
 While it is traditional to discuss mass spectrometry instrumentation sequentially in 
terms of the ionization source, the mass analyzer, and the detector, SICI is atypical in that 
analyte ionization takes place in the mass analyzer. Thus the operation of the QITMS is 
described first, followed by a discussion of the glow discharge ionization source. The 
generation and use of different reagent ions for SICI is covered extensively in Chapters 3 
and 4, as both source ionization factors and trapping parameters affect the identity and 
concentration of reagent ions. 
2.2.1 Ion Optics in the Mass Analyzer 
 To steer ions from the glow discharge ionization source into the trapping volume of 
the quadrupole ion trap, an Einzel lens was used. The Einzel lens contained three circular 
electrodes: the first and third electrode were held at -460 V while the second electrode was 
used to gate ions into the quadrupole ion trap. The second electrode of the Einzel lens was 
split so that one side was held at a constant -160 V and the other side (the gate) was held at 
+180 V to block ions or at -180 V to allow ions to pass into the QITMS. The “gate time” 
refers to the length of time the gate is held at -180 V to allow ions to pass into the 
quadrupole ion trap.  
2.2.2 Quadrupole Ion Trap Mass Spectrometer 
 The QITMS used for the experiments described in this dissertation was a modified 
Finnigan ITMSTM, running ion catcher mass spectrometer (ICMS) software (Gainesville, FL). 
The QITMS was operated using a 1.1 MHz ac voltage applied to the ring electrode to trap 
ions (see Figure 2.1). As discussed in Chapter 1.6, the voltage applied to the ring electrode 
is referred to as the rf trapping voltage. Increasing the amplitude of the rf trapping voltage 
will increase the amplitude of ion motion in the trap, resulting in ion ejection sequentially 
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according to increasing mass-to-charge ratio. The increase in rf amplitude to eject ions for 
detection is known as the analytical ramp.  
 In addition to the rf voltage applied to the ring electrode, supplemental ac voltages 
were applied to the endcap electrodes at specific times during the trapping experiment to 
increase the kinetic energy of the trapped ions. All supplemental ac voltages were passed 
through a Balun circuit so that the ac voltages applied to the two endcap electrodes were 
identical in amplitude and frequency, but 180° out of phase with respect to each other. 
During the analytical ramp described above, an ac voltage at 530 kHz was generated by the 
ITMSTM electronics and applied to the endcap electrodes to aid in ion ejection. The 
amplitude of this supplemental ac voltage was typically 2 Vp-p; increasing the voltage 
amplitude resulted in a decrease in signal intensity while decreasing the voltage amplitude 
led to peak broadening in the mass spectrum. Once the ions were ejected from the 
quadrupole ion trap they impacted on a conversion dynode held at -5500 V and generated a 
current that was detected using an electron multiplier held at -2000 V.  
The variation in the amplitude of the rf voltage over the course of time is known as a 
scan function. A simple scan function is presented in Figure 2.2(a), showing how ions are 
trapped and ejected from the QITMS using a combination of ramping the rf voltage and 
applying a supplemental ac voltage to the endcap electrodes. Specific scan functions for 
SICI will be discussed in Chapters 3 and 4.    
 Supplemental ac voltages were also applied to the endcap electrodes to increase the 
kinetic energy of specific ion species. Increasing the ions’ kinetic energy was used to either 
activate ions for collision-induced dissociation (CID) or to deliberately eject ions from the 
quadrupole ion trap during a portion of the time before spectrum acquisition. The ITMSTM 
electronics were used to generate single frequency ac voltages that were applied to the 
endcap electrodes. To generate single waveforms containing multiple frequencies, a 
LabVIEW® program based on the stored waveform inverse Fourier transform (SWIFT)  
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Figure 2.2: (a) Scan function and (b) CID scan function.  
b) 
a) 
20 
 
algorithm was used.36 Waveforms designed by the SWIFT program were generated using a 
National Instruments 5411 arbitrary waveform generator card, amplified by a custom-built 
circuit, and applied to the endcap electrodes. Occasionally it was necessary to apply both a 
SWIFT waveform and a single frequency waveform (generated by the ITMSTM electronics) at 
the same time. In this case, the two signals were added using a custom-built circuit; the 
summed waveform was then applied to the endcap electrodes.   
2.2.3 Ion Dissociation Methods 
 In Chapter 6, two methods are used to dissociate VOC ions: CID and infrared 
multiphoton photodissociation (IRMPD). For CID and IRMPD, the parent ion was first 
isolated in the quadrupole ion trap by removing all other ions from the trapping volume. To 
remove ions with mass-to-charge ratios less than that of the parent ion, the rf voltage was 
increased for 25 ms to an amplitude corresponding to a mass-to-charge ratio slightly less 
than the parent ion’s mass-to-charge ratio. The rf amplitude was decreased for 25 ms while 
simultaneously applying a supplemental ac voltage to the endcap electrodes. The frequency 
of the supplemental ac voltage was chosen so that ions with mass-to-charge ratios larger 
than the parent ion were ejected from the quadrupole ion trap. The rf amplitude was typically 
increased again for 25 ms to eject any low mass ions formed in the process of exciting and 
ejecting the high mass ions. In most experiments, the rf amplitude was then decreased for 
25 ms so that the parent ion had a qz value of 0.25 during the following dissociation step. To 
resonantly excite the parent ions for CID, a supplemental ac voltage was applied to the 
endcap electrodes. The frequency of the supplemental ac voltage was ~ 98,457 Hz. The 
frequency and amplitude of the supplemental ac voltage were optimized to cause parent ion 
dissociation with minimum ejection of the parent ion from the quadrupole ion trap. A scan 
function illustrating a CID experiment is presented in Figure 2.2(b). 
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 To dissociate parent ions using IRMPD, a similar scheme was used to that described 
above for CID except photons were used to activate the parent ions. The photons were 
generated using an 50 W infrared (IR) laser at full power (Synrad, Mukilteo, WA) and the 
laser beam was directed into the trapping volume through a ZnSe window with a 15” focal 
length using mirrors. Once the parent ions were isolated in the QITMS, the laser beam was 
directed into the quadrupole ion trap through a hole in the ring electrode. In general, 
performing IRMPD with the parent ions at a qz of 0.25 did not effectively dissociate the 
parent ions. Thus, the qz of the parent ion was increased prior to IRMPD by increasing the 
amplitude of the fundamental rf voltage; increasing the rf voltage usually improved 
dissociation because the ions were stored closer to the center of the trapping volume where 
the laser was directed. Typically the rf voltage was held at a level corresponding to m/z 25 
during the irradiation event. The laser beam was directed into the trapping volume of the 
QITMS as shown in Figure 2.1(b). 
2.2.4 Glow Discharge Ionization Source 
 Reagent ions for SICI were generated in a glow discharge ionization (GDI) source 
(Figure 2.1(a)). The custom-built GDI source consisted of a front plate and a electrically-
grounded back plate set 3.3 cm apart.37 The back plate contained an aperture (400 µm 
diameter) to allow ions and molecules to pass into the analyzer region. When a sufficient 
negative dc voltage was applied to the front plate, a glow discharge plasma formed as 
electrons flowed from the front plate (cathode) to the grounded back plate (anode). The 
current measured at the front plate is referred to hereafter as the glow discharge current. 
The voltage required to initiate the glow discharge plasma depends on the reagent gas, the 
pressure of reagent in the source and the distance between the front plate and back plate, 
according to Paschen’s curve.38  
Two lenses were present in the GDI source and are referred to as the first and 
second lens (Figure 2.1(a)). While the lenses were typically used to steer ions out of the 
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source and into the analyzer region, the source lenses were also used to manipulate the 
glow discharge or to monitor the glow discharge current. For example, a constant voltage 
drop of 500 V was maintained between the front plate and the first lens. When a voltage was 
applied to the first lens, the front plate voltage was adjusted to keep a constant voltage drop 
of 500 V. When the first lens was held at -100 V, the intensity of the glow discharge plasma 
was decreased, and the negative glow region of the plasma was far away from the back 
aperture (Figure 2.3(a)). When the first lens was held at +100 V, the negative glow region 
was more intense and closer to the back aperture, resulting in improved reagent ion signal 
(Figure 2.3(c)).  
The second lens was also useful to monitor the glow discharge current. Instead of 
applying a voltage to the second lens, the lens was grounded through a resistor. The 
voltage drop across the resistor was monitored using a digital oscilloscope. When the 
voltage drop across the resistor was zero, no glow discharge current was flowing. When the 
plasma was formed, the oscilloscope showed a negative voltage drop across the resistor. 
Monitoring the glow discharge current via this “pickup” on the second source lens was 
essential to the development of pulsed glow discharge and will be discussed further in 
Chapter 4. 
 
2.3 Analyte Preparation and Ionization 
2.3.1 Sampling Bag Preparation 
Dilute volatile organic compounds were introduced directly into the analyzer region of 
the QITMS from a TedlarTM sampling bag (Figure 2.1(a)). The TedlarTM sampling bags (100 
L, SKC Inc, Eighty Four, PA) were prepared by filling the bags with medical grade air. The 
air flow was monitored using a flowmeter (McMaster-Carr, Robbinsville, NJ). For SICI 
experiments using constant glow discharge ionization, the bags were filled for 40 minutes at 
a flow rate of 4.45 cubic feet/hour, filling the sampling bag to ~ 84 L. For later SICI 
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Figure 2.3: Manipulation of the glow discharge using the first source 
lens. (a) Front plate: -600 V, 1st lens: -100 V. (b) Font plate -500 V, 1st 
lens 0 V. (c) Front plate -400 V, 1st lens: +100 V.  
b) 
c) 
a) 
24 
 
experiments (including those using pulsed glow discharge), the bags were filled at the same 
flow rate but for 38 minutes, filling the sampling bags to ~ 80 L. SKC recommends filling the 
bags to a maximum of 80% capacity, or to 80 L, so the fill time was decreased from 40 to 38 
minutes. The TedlarTM sampling bags were reused for different VOC analytes, though 
separate bags were designated for the isomeric and isobaric VOC detection experiments 
described in Chapter 5 to prevent cross contamination. When switching from one analyte to 
the next, the bag was “purged” by filling the bag for 30 minutes at 4.45 cubic feet/hour using 
medical grade air, then the air was evacuated from the bag using a mechanical rough pump. 
After initially purchasing the bags, the purge process was completed at least three times as 
recommended by the manufacturer. Despite these precautions, the known TedlarTM bag 
contaminants phenol (Mr = 94 daltons) and N-dimethyl acetamide (Mr = 87 daltons) were 
often detected by SICI, though it was generally noted that these background ions seemed to 
decrease over time as the bags were reused.39  
2.3.2 Analyte Volatile Organic Compounds 
 Of the volatile organic compounds (VOCs) studied in this dissertation, the primary 
focus was on the detection and analysis of six target VOCs. For reference, the chemical 
structures of these six analytes, their molecular masses, proton affinities, and ionization 
energies are listed in Table 2.1.19 The analytes were purchased from Sigma-Aldrich 
(Allentown, PA) with the following purities: isoprene (99%), cyclopentene (96%), methyl vinyl 
ketone (99%), methacrolein (95%), 2-methylfuran (99%), and cyclohexene (99%). The 
volatile organic compounds were used as received without further chemical purification.  A 
headspace sample of a VOC was injected into the TedlarTM sampling bags filled with air, 
effectively diluting the analyte to a low concentration. To prepare the sample of VOC, a 
freeze-pump-thaw setup was used. The original freeze-pump-thaw setup was used for the 
calibrations presented in Chapter 3 using cGDI and has been described previously.40 
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Table 2.1: VOC analyte structure and molecular mass.
 
Name 
 
Structure 
Molecular 
Mass 
(daltons) 
 
 
isoprene 
  
 
68.1170 
 
 
cyclopentene 
  
 
68.1170 
 
 
methyl vinyl 
ketone 
  
 
70.0898 
 
 
methacrolein 
  
 
70.0898 
 
 
2-methylfuran 
  
 
82.1005 
 
 
cyclohexene 
  
 
82.1436 
O
O
O
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Briefly, several mL of the liquid VOC were placed in a 25 mL, two-necked round bottom 
flask. One neck was sealed with a standard 22-4 rubber septum while the other neck was 
connected to a MKS Instruments 1000 Torr capacitance manometer (Andover, MA). The 
pressure above the analyte liquid was displayed on a MKS digital readout connected to the 
capacitance manometer. The liquid VOC was frozen by immersing the flask in liquid 
nitrogen, then the air above the frozen VOC was evacuated using a mechanical rough 
pump. The freeze-pump-thaw process was typically repeated two additional times.  
After thawing, the pressure above the liquid VOC was recorded and an aliquot was 
withdrawn using a gas-tight syringe (Hamilton, Reno, NV). The VOC sample was then 
injected into the sampling bag and allowed to mix with the air for at least 10 minutes. The 
concentration of the VOC analyte ([analyte]) is given by Equation 2.1 where Pi is the 
pressure of analyte, Vi is the volume of gas withdrawn from the vacuum chamber, PB is the 
pressure in the sampling bag (assumed 760 Torr), and VB is the volume of air collected in 
the sampling bag. 
 [analyte] = moles analyte/moles air =
BB
ii
VP
VP
 Equation 2.1  
The original VOC freeze-pump-thaw setup described above presented several experimental 
difficulties. First, the freeze-pump-thaw process itself was very time consuming as it required 
several mL of VOC to repeatedly freeze and thaw. Second, it was easy to core the septum 
during the withdrawal of the VOC gas. If the septum leaked, it had to be replaced and the 
freeze-pump-thaw procedure repeated. Finally, several mL of VOC liquid were being used in 
each experiment while only a small amount of the VOC gas was actually injected into the 
TedlarTM sampling bags.  
 To address the difficulties described above, a second generation freeze-pump thaw 
setup was built and used for all experiments described in this dissertation with the exception 
of the cGDI calibrations presented in Chapter 3. An illustration of the second generation 
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freeze-pump-thaw setup is provided in Figure 2.4. This setup interfaced a small vial, 
containing < 0.5 mL of VOC liquid, with a toggle valve and a custom-designed glass T-tube. 
A septum (Supelco, Bellefonte, PA) was placed in one end of the T-tube while the other was 
connected to the 1000 Torr capacitance manometer described above. All connections were 
made using Swajelok and Cajon fittings. The analyte liquid was quickly frozen using liquid 
nitrogen and the same freeze-pump-thaw procedure was used as in the original setup. The 
chamber was evacuated, sealed from the rough pump with a toggle valve, then the analyte 
headspace introduced into the VOC chamber. The chamber was then sealed from the 
analyte liquid by closing the toggle valve above the analyte. A gas-tight syringe was 
conditioned with the VOC gas, then the chamber evacuated and refilled with a fresh sample 
of VOC headspace gas. A sample of the VOC gas in the chamber was then withdrawn using 
the gas-tight syringe and the VOC pressure recorded. While working with the gas-tight 
syringes, it was found that lightly moistening the plunger tip with nanopure water resulted in 
better SICI signal, likely due to the plunger making a better seal with the body of the syringe.  
The key difference between the second-generation freeze-pump-thaw setup and the 
earlier version was that the analyte liquid was isolated from the VOC chamber before the 
analyte gas was withdrawn through the septum. If the septum became cored, it was easy to 
replace the septum, evacuate the chamber, then allow a fresh headspace sample of the 
VOC gas to enter the chamber. Additionally, less liquid VOC was used in this second-
generation setup and the freeze-pump-thaw process was completed in less time.  
 The primary difficulty encountered with this second generation freeze-pump-thaw 
setup was that VitonTM o-rings were used in the Cajon fittings. The o-rings directly exposed 
to the VOC headspace absorbed some of the VOC, leading to VOC carryover from 
experiment to experiment. This problem was solved by replacing the two o-rings directly 
exposed to the VOC headspace after using the freeze-pump-thaw setup. Some absorption 
of the VOC into the o-rings used in the VOC chamber was also likely, though no VOC 
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Figure 2.4: Second generation freeze-pump-thaw setup.  
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carryover was observed from experiment to experiment if the chamber was allowed to pump 
out. After initially releasing the VOC headspace into the chamber, the chamber pressure 
actually decreased, likely due to a combination of VOC absorption into the chamber o-rings 
and VOCs exiting the chamber through a small leak in the valve separating the VOC 
chamber from the mechanical rough pump. To prepare two VOCs simultaneously, a second 
freeze-pump-thaw setup was built that was virtually identical to the setup shown in Figure 
2.4. For this duplicate setup a 100 Torr capacitance manometer (MKS Instruments) was 
used. 
 An additional concern with both generations of freeze-pump-thaw setups was that 
after the initial freeze-pump-thaw cycles, the VOC chamber was at sub-atmospheric 
pressure without constant evacuation. As no vacuum is perfect, both setups showed some 
level of air leakage into the VOC chamber. This leak rate adds to the apparent VOC 
pressure over time, ultimately resulting in a higher calculated VOC concentration in the 
sampling bag than the true concentration. The consequences of the leak rate will be 
discussed further in Chapters 3 and 4: the leak rate appeared to have less of an affect on 
analytes with high vapor pressures, such as isoprene. 
2.3.3 Sampling Bag Interface with the Mass Spectrometer 
The TedlarTM sampling bag, filled with the dilute analyte VOC, was interfaced to the 
vacuum housing of the QITMS. The connection between the sampling bag at atmospheric 
pressure and the high vacuum of the QITMS presented the most immediate challenge to the 
implementation of SICI. A stainless steel line, made from ¼” tubing, was attached to the 
vacuum housing of the QITMS and isolated from atmosphere using a toggle valve (see 
Figure 2.1). On the atmospheric pressure side of the valve, the ¼” tubing was joined to a 
Swajelok T where one side of the T was connected to a mechanical rough pump through a 
toggle valve. The primary SICI valve was attached to the other side of the T and to the 
TedlarTM sampling bag using ¼” Cajon unions. The setup was designed so that the line 
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between the analyzer toggle valve and the primary SICI valve could be evacuated before 
exposing the primary valve to the high vacuum of the QITMS.  
For the cGDI experiments described in Chapter 3, the primary valve was a Granville 
Phillips metering valve from Helix Technology (Chelmsford, MA). The atmospheric pressure 
side of the primary valve (Granville Phillips valve) was connected to a piece of TeflonTM 
tubing which was connected to a TedlarTM sampling bag. Initially, the Granville Phillips valve 
was opened so that the supplemental rough pump could evacuate the TeflonTM tubing and 
evacuate some of the air from the TedlarTM sampling bag. Therefore, when the Granville 
Phillips valve orifice was decreased and the valve exposed to the vacuum of the QITMS, the 
analyte/air mixture from the sampling bag was effectively sampled. The evacuation process 
essentially removed the “dead volume” of air from the TeflonTM tubing so that the TedlarTM 
sampling bag would be immediately sampled when the SICI line was opened to the analyzer 
region. 
Several difficulties were encountered with the Granville Phillips valve. The valve did 
not have sufficient control over the pressure of the analyte/air mixture in the QITMS and 
often could not achieve analyzer pressures in the mid-to-low 10-5 Torr range. A second 
metering valve was used as the primary SICI valve (Meggitt Avionics, Negretti Valve 
Division, Fareham, Hants, UK) that provided vastly superior pressure control. The Negretti 
valve was used for all experiments other than the cGDI calibrations mentioned above. The 
Negretti valve was interfaced with the SICI line and the line was evacuated using the rough 
pump. The Negretti valve was then attached directly to the TedlarTM sampling bag without 
the use of TeflonTM tubing. After attaching the bag to the Negretti valve, a 10 minute wait 
time was more than sufficient to ensure that the analyte/air mixture in the bag was 
effectively sampled into the QITMS. Additionally, after the bag was removed from the 
Negretti valve, at least 10 minutes were provided to pump out the valve. For some 
experiments described in this dissertation, most notably the pGDI calibrations in Chapter 4, 
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a second Negretti valve was attached to the sampling line connected to the vacuum housing 
of the QITMS. The placement of this second, optional, valve is shown in Figure 2.1. The 
second Negretti valve was exposed to room air so that the flow of analyte/air from the 
sampling bag into the QITMS could be diluted with room air. 
 
2.4 Data Analysis 
 The ITMSTM software used to acquire mass spectra had two different modes of 
operation: profile mode and centroid mode. In profile mode, several data points are acquired 
for each spectral peak; each peak in the mass spectrum is simply the linear connection of 
the individual data points comprising the peak. In centroid mode, individual data points are 
binned so that one intensity is provided for each mass-to-charge ratio. Centroid mode 
essentially integrates each peak observed in profile mode. While the VOC calibrations 
described in Chapter 3 using constant glow discharge were based on spectra acquired in 
centroid mode, most spectra presented in this dissertation were collected using profile 
mode. Profile mode provided more information about the shape of a peak and allowed for 
more accurate mass calibrations. After mass calibration, each peak in the spectrum could be 
integrated to generate data similar to centroid mode data. The one benefit to using centroid 
mode, however, was to monitor a single peak over time; centroid mode allowed multiple 
sequential spectra to be saved as a single data file.  
  Mass spectra and other graphs presented in this dissertation were generated using 
MicrosoftTM Excel and OriginPro (Origin Labs). To convert the spectra acquired in profile or 
centroid mode into formats easily handled by Excel or OriginPro, two different data analysis 
programs were used based on LabViewTM software: Data Analysis.llb and Data Analysis 
Chronogram.llb, which have been described previously.40 Typically Data Analysis.llb was 
used to view profile mode spectra and export these spectra to OriginPro. Data Analysis 
Chronogram.llb was used to average centroid spectra, monitor a single mass over time, or 
32 
 
to export a single centroid spectrum to OriginPro. To average spectra acquired in profile 
mode, a new program was written using LabViewTM software, called Average Profile 
Scans.llb (Appendix 1). 
 Signal averaging was used for almost all the data presented in this dissertation. The 
calibrations presented in Chapter 3 using constant glow discharge were graphed from 
spectra where 25 centroid scans were averaged. The spectra presented in Chapters 4 – 7 
and the spectra used to generate the pGDI calibration curves in Chapter 3 were typically an 
average of 10 scans in profile mode. When a single peak intensity was monitored over time 
or with changing experimental conditions, typically 3 -5 spectra were averaged. The 
standard deviation of the peak intensity was determined and converted to a confidence 
interval at the 90% level using a T-table.41 All reported errors or error bars represent the 
90% confidence range. 
   Performing SICI experiments without VOC analyte, either by sampling room air 
through the primary SICI valve or by sampling from a TedlarTM bag without any VOC added, 
produced a background spectrum. The background spectrum showed the reagent ion signal 
and different levels of chemical noise depending on the reagent ions used and the 
experimental conditions. The background signal from about m/z 55 – 150 appeared to be 
from the ionization of contaminants in the QITMS, perhaps due to contamination by vapors 
from mechanical rough pump oil. To prevent the chemical noise from adding to the VOC 
analyte signal, background subtraction was used. For the calibrations in Chapter 3, a 
spectrum of the TedlarTM sampling bag before the addition of VOC analyte (the blank) was 
recorded and used for background subtraction. For the selective ionization experiments in 
Chapter 5, the maximum intensity at the m/z of interest for the TedlarTM bag blank and the 
room air were found to be the same using a students T-test at the 90% confidence level. 
Spectra of room air were then used for background subtraction for the different experiments 
described in Chapter 5.  
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Most of the spectra in this dissertation were background subtracted using a spectrum 
of room air instead of air from the TedlarTM sampling bag blank. This way the TedlarTM bag 
containing the VOC analyte could be sampled and the VOC signal in the mass spectrum 
optimized by changing various experimental conditions. After removing the Tedlar sampling 
bag and pumping out the Negretti valve, a background spectrum of room air was acquired. 
The notable flaw with this method was that TedlarTM bag contaminants were ionized with the 
analyte VOC and remained in the background subtracted spectrum. However, the masses 
of common TedlarTM bag contaminants are known.  
 Even though the background spectrum remained essentially constant for a set of 
experimental conditions, scan-to-scan fluctuations were normal. The result of these 
fluctuations was that the baseline of the background subtracted spectrum contained small 
peaks and valleys. To prevent the small baseline peaks from being labeled as analyte 
signal, a cutoff level was set so that any peaks with intensities smaller than the cutoff were 
set at zero intensity. The cutoff level was determined as twice the standard deviation of the 
background signal and was 40 counts for the H3O+ reagent, 19 counts for the NO+ reagent, 
and 22 counts for the protonated acetone reagent. These cutoff levels were applied to the 
data presented in Chapters 4 through 7. These three cutoff levels represent intensities less 
than 1% of the maximum possible signal intensity in a mass spectrum. Additionally, any 
peak in the processed mass spectrum consisting of only one data point was typically 
rejected as noise. 
 
Chapter 3 
Generating Reagent Ions using  
Constant Glow Discharge Ionization 
 
3.1 Introduction 
In Chapters 3 and 4, two methods of generating reagent ions for selected-ion 
chemical ionization (SICI) are discussed. In all cases, reagent ions were generated using 
glow discharge ionization (GDI); however, the methods and results described in this chapter 
(Chapter 3) focus on the use of constant glow discharge ionization (cGDI), where the glow 
discharge current is flowing in the source region during the entire mass spectrometry 
experiment. Chapter 4 includes results and a discussion of pulsed glow discharge ionization 
(pGDI), where the glow discharge plasma is terminated either before the SICI ion-molecule 
reaction time or before spectrum acquisition. Both Chapters 3 and 4 include a discussion of 
the pros and cons of generating reagent ions for SICI using either cGDI or pGDI.  
As described in Chapter 1, the reaction energetics of SICI can be predicted using proton 
affinity values for proton-transfer ionization or ionization energy values for charge-transfer 
ionization. For reference, the proton affinity and ionization energy values for several 
chemical ionization reagents are listed in Table 3.1. The discussion in both Chapters 3 and 
4 focuses on using three different reagents for SICI: hydronium ions (H3O+), nitric oxide ions 
(NO+), and protonated acetone ions ([acetone + H]+). Many of the sections within Chapters 3 
and 4 conclude with calibration curves for different VOC/reagent ion combinations to 
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Table 3.1: Chemical ionization reagents with proton affinity and 
ionization energy values.  
Reagent (R) Proton Affinity 
(kJ/mol) of Neutral R
Ionization Energy 
(eV) of Neutral R 
H3O+ 691.0 ----- 
[acetone + H]+ 812.0 ----- 
N2 ----- 15.581 
NO+ ----- 9.264 
O2+• ----- 12.070 
NO2+ ----- 9.586 
He ----- 24.5874 
[methanol + H]+ 754.3 ----- 
[dimethylether + H]+ 792.0 ----- 
[benzene + H]+ 750.4 ----- 
[formaldehyde + H]+ 712.9 ----- 
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indicate the limits of detection and sensitivities of the SICI method as it was implemented 
using cGDI or pGDI for reagent ion generation 
 
3.2 Hydronium Reagent 
3.2.1 Experimental Methods 
 To generate hydronium reagent ions for SICI, a vial of nanopure water (~ 7 mL, 
purified using a Barnstead NANOpure system, 18MΩ) was interfaced to the glow discharge 
ionization source as described in Chapter 2 (Figure 2.1). The headspace above the water 
was sampled into the glow discharge region through a toggle valve; the pressure of the 
water vapor was controlled using a metering valve. When introduced to the low pressure of 
the glow discharge source, the reagent water degassed and cooled. The degassing process 
was often vigorous, and cooling of the surface water directly exposed to the vacuum often 
caused the warmer water beneath to spray into the vacuum chamber. To prevent degassing 
and water spraying into the source region, two strategies were employed. First, a simple 
freeze-pump-thaw procedure could be used to remove dissolved gases from the liquid 
reagent (see Chapter 2.3.2 for a detailed description of the freeze-pump-thaw procedure). 
Alternatively, the second strategy involved placing the vial of water in a chemical freezer for 
~10 minutes which cooled the liquid to ~ 5°C. Cooling the water before attaching the water 
vial to the source region helped prevent the water from spraying into the source. Any 
dissolved gases were removed from the reagent water by slowly exposing the water to the 
vacuum using the metering valve while tapping on the vial to dislodge the bubbles of gas 
that formed.   
3.2.2 Glow Discharge Ionization of Water Vapor 
 Constant glow discharge ionization (cGDI) of water vapor produces hydronium ions 
according to the following reactions: 
 H2O + e- → H2O+• + 2e- Reaction 3.1 
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 H2O+• + H2O → H3O+ + OH• Reaction 3.2 
The rate constant for Reaction 3.2 was experimentally determined to be ~ 1.7 x 10-9 
cm3/molecule-sec. To determine this rate constant, water molecular ions were generated by 
glow discharge of a water/He mixture and allowed to react for varying amounts of time with 
neutral water in the quadrupole ion trap. The rate constant was calculated assuming 
pseudo-first order kinetics as described in Chapter 1.4. While only a single trial was used to 
approximate the rate constant of Reaction 3.2, the rate constant is comparable to the 
experimentally-determined rate constants in the literature which range from 0.85 to  
1.8 x 10-9 cm3/molecule-sec.42-44 The reaction of H2O+• with neutral water to form hydronium 
ions was studied in the quadrupole ion trap to determine the rate constant; however, most 
hydronium ions are formed in the source region where there is a higher pressure of neutral 
water molecules. 
3.2.3 Detector Saturation and Chemical Noise 
 Glow discharge ionization of water vapor on the millisecond and longer timescale 
produces abundant hydronium ions. When helium or a helium/air bath gas is present in the 
mass analyzer region, the hydronium ions are effectively trapped in the analyzer. When the 
hydronium ions are ejected from the mass analyzer for spectrum acquisition, the hydronium 
ions saturated the detector. The high concentration of hydronium ions decreased the 
resolution in the mass spectrum so that the hydronium ion peak width was broadened. Peak 
broadening caused by high concentrations of reagent ions were apparent for all the 
reagents used in SICI experiments for the detection of VOCs described herein. An example 
of peak broadening is indicated by the double-headed arrow in the spectrum shown in 
Figure 3.1(a). There were two practical consequences of peak broadening. First, the 
concentration of the reagent could not be determined by a calibration method; the intensity 
of the reagent ion in the mass spectrum is unknown. In this chapter, several quantitative  
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Figure 3.1: GDI of H2O vapor where (a) He is the analyzer bath gas and 
(b) a He/air mixture is the analyzer bath gas. The binning error due to 
the saturated H3O+ reagent is indicated by the double-headed arrow in 
(a).  
b) 
a) 
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 experiments are described using the intensity of reagent ions in the mass spectrum. In 
these experiments, the concentration of hydronium ions was reduced so that detector 
saturation did not occur. Second, several mass units near the reagent ion mass were not 
available for  
analyte detection.  
 In addition to reagent ion peak broadening, two other problems were encountered 
while working with cGDI of water for SICI experiments. SICI experiments were performed by 
introducing the airborne VOC analyte into the mass analyzer region from a TedlarTM 
sampling bag (see Chapter 2.3).  During SICI experiments, O2+• ions were formed (Figure 
3.1(b)). While the O2+• peak in Figure 3.1(b) is broadened, the presence of O2+• ions at m/z 
32 was confirmed by additional experiments. In contrast, almost no O2+• signal was 
observed when helium was used as the analyzer bath gas (Figure 3.1(a)). The presence of 
O2+• ions in the mass spectrum when air is present in the analyzer can be explained by the 
following charge transfer ionization: 
H2O+• + O2 → O2+• + H2O Reaction 3.3 
The ionization energy of water (12.621 eV) is slightly higher than the ionization 
energy of oxygen (12.070 eV), so Reaction 3.3 is thermodynamically favorable. The reaction 
rate constant for Reaction 3.3 was calculated as described above (Chapter 3.3.2), but a 
mixture of helium and room air was used in the mass analyzer. About 21% of the molecular 
constituents of room air are oxygen molecules.1 The reaction rate constant was determined 
to be in the 10-10 cm3/molecule-sec range. A more accurate rate constant could not be 
determined due to several reactions competing with Reaction 3.3. However, the estimate 
was confirmed by literature values ranging from 3.3 – 12.9 x 10-10 cm3/molecule-sec.45 While 
the charge transfer reaction between H2O+• ions and O2 molecules proceeds at a slower rate 
than the formation of hydronium ions (Reaction 3.2) in the quadrupole ion trap, the pressure 
of oxygen is significantly higher in the mass analyzer than the pressure of neutral water. A 
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typical SICI experiment had an air pressure of 6 x 10-5 Torr in the mass analyzer, while the 
pressure of water was only about 7 x 10-6 Torr. Even though oxygen makes up only 21% of 
room air, there is still almost twice as much oxygen as water present in the mass analyzer, 
explaining why oxygen ions are observed in a SICI mass spectrum where glow discharge of 
water vapor is used to generate reagent ions. Comparing the peak widths for the H3O+ 
reagent ions and the O2+• ions in Figure 3.1(b) suggests that the concentration of H3O+ ions 
is less than the concentration of O2+• ions. This direct comparison cannot be made because 
H3O+ ions are lost from the quadrupole ion trap before spectrum acquisition. A detailed 
discussion of H3O+ ion losses is provided in Chapter 4.3. 
The second problem using cGDI of water vapor to generate hydronium reagent ions 
for SICI was noticed during experiments when the hydronium reagent ions were ejected 
from the mass analyzer. Hydronium ions are deliberately ejected from the mass analyzer 
during the isolation step in a collision-induced dissociation experiment (see Chapter 2.2.3). If 
a short reaction time was provided after ejecting all the hydronium ions from the mass 
analyzer, hydronium ions and oxygen ions (according to Reaction 3.3) were formed during 
this short reaction time. For example, protonated methacrolein ([M + H]+) was isolated for a 
CID experiment; the spectrum is presented in Figure 3.2. During the 50 ms time after the [M 
+ H]+ ions were isolated but before the spectrum was acquired, O2+• ions were formed. No 
hydronium ions are present in Figure 3.2, however, because the low mass cutoff for CID 
was higher than the mass of the hydronium ions. Originally, the ionization of water and 
oxygen was thought to be due to the ionization gauge attached to the analyzer region. 
Turning the ionization gauge off, however, did not affect the H3O+ or O2+• ion signal. 
Ultimately it was determined that the middle electrode of the Einzel lens, the split electrode 
referred to as the gate, was not completely blocking reagent ions from entering the mass 
analyzer during the 50 ms time prior to mass analysis. Hydronium and H2O+• ions constantly   
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Figure 3.2: Isolation spectrum of protonated methacrolein [M + H]+. O2 
is ionized before spectrum acquisition. 
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enter the mass analyzer before spectrum acquisition; the H2O+• ions then ionize oxygen 
molecules by charge-transfer ionization. 
 As described in Chapter 2.2.1, a positive voltage (+ 180 V) and a negative voltage  
(- 160 V) are applied to the two halves of the split gate electrode to block ions from entering 
the mass analyzer. To study the effect of the voltages used to block ions, voltages were 
applied to both halves of the split electrode using external constant power supplies. Water 
vapor was ionized using cGDI with a GDI current of 0.65 mA. Air and helium were leaked 
into the mass analyzer to mimic SICI conditions though no VOC analyte was used. The 
intensity of H3O+ and O2+• ions observed in the mass spectrum decreased as the magnitude 
of the voltages applied to the gate electrode were increased. These results are presented in 
Figure 3.3. Voltage differences greater than ∆1400 V caused an electrical short to occur 
inside the analyzer region.  
Considering Figure 3.3, it is interesting to note that a voltage difference of 800 V to 
1400 V did not significantly change the hydronium and oxygen ion intensity over the course 
of time used in these experiments. This result suggests that H3O+ and/or O2+• ions can be 
formed from a mechanism other than those discussed above (Reactions 3.2 and 3.3). The 
voltages applied to the split gate electrode of the Einzel lens only affect the movement of 
ions and electrons, not molecules or photons. Photoionization of water and oxygen 
molecules may occur as photons enter the mass analyzer from the glow discharge source. 
Another explanation is that electrons accelerated out of the source region would require 
voltages higher than ∆1400 V to be deflected. Ionization of water and oxygen could then 
occur in the quadrupole ion trap via electron impact ionization.  
For SICI experiments the ionization of air in the analyzer region would not be 
problematic if the ionization was only occurring during the ion-injection (gate) portion of the 
scan function. Any air ions could be ejected from the mass analyzer after the gate time and 
the remaining H3O+ reagent ions reacted with the VOC analyte before spectrum acquisition.  
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Figure 3.3: The sum of the hydronium ion intensity and oxygen ion 
intensity vs time before spectrum acquisition for several voltages applied 
to the split gate electrode. (∆ 400 V indicates that + 200 V is applied to 
one half of the split lens while – 200 V is applied to the other half of the 
split lens). 
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However, because H2O+• ions leak into the mass analyzer during the ion-molecule reaction 
time, O2+• ions are continually being formed over the course of the experiment. Additionally, 
over long reaction times, NO2+• and NO+ ions were observed. NO2 and NO are present at 
ppb – ppt concentrations in the air leaked into the mass analyzer region. Charge transfer 
ionization of NO and NO2 may occur by reactions with H2O+• and O2+• ions.  
For the cGDI results described in Chapter 3.2.5, resonance ejection was used during 
the gate and reaction time to constantly eject any O2+•, NO+, or NO2+• ions formed. There 
were two negative limitations associated with the resonance ejection procedure. First, VOCs 
could become ionized by O2+•, NO+, or NO2+• ions before these air ions were ejected from 
the mass analyzer. Second, VOC ion fragmentation information was lost. If proton-transfer 
ionization of VOCs resulted in fragmentation of the VOC ions, any fragment ions at or near 
the mass-to-charge ratios of the air ions would be ejected from the mass analyzer. However, 
SIFT-MS and PTR-MS results indicate that for most VOCs ionized by H3O+ reagent ions, 
including isoprene, methacrolein, and methyl vinyl ketone, 99 – 100% of the ion intensity in 
the mass spectrum is due to the protonated molecules.46, 47 This lack of fragmentation has 
been one of the driving forces in the development of the hydronium reagent for proton 
transfer ionization of VOCs. Additionally, several SICI experiments were performed where 
TedlarTM bags were filled with helium and a VOC. Using a helium bath gas limited the 
formation O2+• and proton-transfer ionization of the VOC could be observed without ejecting 
any ions from the mass analyzer. The results confirmed the PTR-MS and SIFT-MS results: 
the VOCs studied do not fragment upon ionization by H3O+ reagent ions. 
3.2.4 Optimizing Selected-Ion Chemical Ionization Signal 
Instrumental parameters were varied to determine the conditions required for optimal 
protonated VOC ion intensity. Increasing both the gate time and the ion-molecule reaction 
time initially increased the protonated VOC signal in the mass spectrum. These results are 
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presented in Figure 3.4. For reference, the proton-transfer ionization reaction is shown 
below: 
H3O+ + M → [M + H]+ + H2O Reaction 3.4 
Increasing the reaction time provides more time for analyte (M) ionization to occur. 
Furthermore, because H3O+ reagent ions are entering the trapping volume of the quadrupole 
ion trap during the gate time and the reaction time, increasing the length of the gate or 
reaction time should produce high concentrations of trapped H3O+ reagent ions. According 
to Reaction 3.4, increasing the concentration of H3O+ reagent ions should increase the 
concentration of [M + H]+ ions. However, several factors work against the expected increase 
in [M + H]+ signal with increasing reaction time and increasing concentration of reagent ions. 
The quadrupole ion trap cannot store an infinite concentration of ions. At the space-charge 
limit of the quadrupole ion trap, the coulombic repulsions of the trapped ions prevent 
additional ions from being trapped. Furthermore, because low-mass ions are spatially 
located closer to the center of the ion trap, a high concentration of low-mass ions can cause 
higher-mass ions to be ejected from the mass analyzer.48 Thus, increasing the concentration 
of H3O+ ions will eventually result in the ejection of the higher-mass [M + H]+ ions. Figure 3.4 
shows how increasing the gate or reaction time initially increases the concentration of [M + 
H]+ ions detected, but the [M + H]+ ion intensity approaches a steady-state. From the results 
shown in Figure 3.4, a 200 ms gate time and a 6 second reaction time were used for the 
cGDI results presented later in this chapter. A typical scan function used for SICI where 
H3O+ reagent ions were generated using cGDI is shown in Figure 3.5; the 200 ms gate time 
and 6 second reaction time is indicated in the figure.  
In addition to studying the effects of changing the gate and reaction time, the effect 
of the glow discharge current on VOC ion signal was also studied. Several factors had to be 
considered when choosing an appropriate glow discharge current. First, the pressure of H2O 
in the source region of the instrument determined the glow discharge current generated for  
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Figure 3.4: Optimization of protonated isoprene signal using H3O+ 
reagent ions by (a) increasing the gate time and (b) reaction time. 
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Figure 3.5: (a) SWIFT waveform applied to the endcap electrodes to 
eject air ions. (b) Scan function for the ionization of VOCs by hydronium 
reagent ions generated via cGDI. 
b) 
a) 
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any given voltage applied to the front plate (see Figure 2.1). For the cGDI experiments, a 
metering valve was used to regulate the flow of water vapor into the source region. To 
generate a high concentration of H3O+ reagent ions, the metering valve was opened to 
achieve an analyzer pressure of ~7.5 x 10-6 Torr. Again, no pressure gauge was attached to 
the source at this time so the corresponding source pressure was unknown.  
In general, increasing the glow discharge voltage (and therefore the glow discharge 
current), increased the reagent ion concentration in the mass analyzer, and increased the 
protonated VOC analyte signal in the mass spectrum. However, there were several 
limitations as to how high of a glow discharge current could be used. First, the glow 
discharge voltage could not be greater than ~ 1000 V and the glow discharge current had to 
be less than 10 mA due to the maximum voltage and current ratings of the BNC connections 
and power supply used. Second, high glow discharge voltages and currents could cause 
arcing in the glow discharge source between the front plate and the source lenses or 
between the front plate and the vacuum housing of the source. Often when arcing occurred 
between the front plate and the front flange of the source’s vacuum housing, deposits would 
build up between the plate and the flange. While the front plate is electrically isolated from 
the front flange by an o-ring seal, the deposits would eventually electrically ground the front 
plate preventing the glow discharge plasma from forming. Third, high glow discharge 
currents increased the chemical and instrumental noise in the mass spectrum. In this work, 
the term chemical noise refers to ion signal in the mass spectrum that is not due to the 
reagent or VOC analyte. In a SICI experiment without a VOC analyte, chemical noise is 
present in the mass spectrum due to the ionization of contaminants present in the mass 
analyzer and contaminants introduced from the TedlarTM sampling bag. In contrast, 
instrumental noise includes spectrum noise observed when no glow discharge current is 
flowing, such as shot noise, detector dark current, and electronic rf pickup from the ring 
electrode.49 Also included in the term instrumental noise is non-mass-resolved noise due to 
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the glow discharge current flowing during mass acquisition; a more detailed discussion of 
instrumental noise is provided in Chapter 4.2.4. The benefit of increasing the VOC analyte 
signal with high glow discharge currents was offset by the increase in noise. Increasing the 
chemical noise results in a decrease in the range of analyte concentrations detectable for a 
given set of experimental conditions. Because the chemical noise must be subtracted from 
the analyte signal, the sum of the protonated analyte and the chemical noise at the 
protonated analyte’s mass-to-charge ratio must not saturate the detector.  
A glow discharge current of ~ 2 mA (650 – 700 V) was used for experiments when 
cGDI of water generated hydronium reagent ions. The glow discharge current was selected 
by plotting the signal-to-noise (S/N) ratio for the intensity of a protonated analyte for several 
different glow discharge currents; the current giving the highest signal-to-noise ratio was 
selected. Over time, the pressure in the source region slowly decreased as the liquid water 
reagent was used. The glow discharge voltage was usually increased so that the desired 
glow discharge current was maintained. Minor changes in the pressure of water  
(+/-  ~ 1 x 10-6 Torr in the analyzer region) did not significantly affect the hydronium ion 
signal when the glow discharge current was constant. Alternatively, when the pressure of 
water in the source region was directly measured, the pressure could be held constant by 
gradually increasing the flow of H2O vapor into the source over time. The glow discharge 
current had to be re-optimized periodically, likely due to changes in the base pressure of the 
source and analyzer. The base pressure of the analyzer was usually in the low 10-6 to mid-
10-7 Torr range.  
It was difficult to optimize the pressure of the VOC/air mixture in the mass analyzer 
due to the problems encountered with the primary SICI valve used (Granville-Phillips valve, 
see Chapter 2). While it intuitively makes sense that a high pressure of the VOC in the mass 
analyzer would produce intense [M + H]+ signal simply due to the greater influx of analyte 
molecules entering the analyzer, this benefit was offset by the increasing pressure of air 
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being introduced into the mass analyzer. Air is a “heavy” bath gas; using heavy bath gases 
in the mass analyzer can produce several detrimental trapping effects. These effects can 
include unexpected ion dissociation and ion losses due to scattering.50 Typically the 
combined pressure of the reagent water and the VOC/air mixture in the analyzer region was 
~ 4.5 x 10-5 Torr. Adding helium to the bath gas dramatically improved ion signal. Typically 
the pressure of helium in the analyzer region was ~ 1 mTorr. 
3.2.5 Calibrations 
The limit of detection and sensitivity were determined for three VOC analytes using H3O+ 
reagent ions generated with cGDI. Calibration curves were generated for the three VOCs 
studied (isoprene, methyl vinyl ketone, and methacrolein). A calibration curve for isoprene is 
shown in Figure 3.6. The limit of detection, sensitivity, and R2 values determined from the 
calibration curves for all three analytes are provided in Table 3.2. The limit of detection was 
determined as the concentration of VOC giving a signal three times the standard deviation 
of the noise. Occasionally a calibration curve had a positive y-intercept; in these cases the 
y-intercept was added to the 3x noise value to determine the limit of detection. The 
sensitivity was the slope of the linear fit through the calibration points. Each point in the 
calibration curves was only an average of two trials, so a large error is associated with the 
limit of detection and sensitivity. The error associated with the limit of detection for 
methacrolein and the sensitivity for methyl vinyl vinyl ketone are actually larger than the 
measurements themselves. While the error associated with the limits of detection and 
sensitivities was large, the purpose of these calibrations was to begin to assess the 
applicability of SICI to low concentrations of VOCs present in the environment. The limits of 
detection, with error, ranged between the single digit and triple digit parts-per-billion level 
and were low enough to warrant additional method development to improve the limit of 
detection.  
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Figure 3.6: Sample calibration curve for isoprene with cGDI using H3O+ 
reagent ions. 
 
Analyte Limit of 
Detection (ppb) 
Sensitivity 
(counts/ppb) 
R2
Isoprene 114 ± 89 5.3 ± 2.4 1.000 ± 
0.001 
Methyl vinyl 
ketone 
56 ± 48 5.3 ± 11.2 0.961 ± 
0.035 
Methacrolein 119 ± 133 2.9 ± 2.0 0.977 ± 
0.159 
 
Table 3.2: Limit of detection, sensitivity, and R2 information determined 
from calibration curves for three VOCs ionized by cGDI-SICI with H3O+ 
reagent ions. 
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3.3 Nitric Oxide Ion Reagent 
3.3.1 Glow Discharge Ionization of Air 
 Results using selected-ion flow tube (SIFT) mass spectrometry indicate that NO+ 
reagent ions are useful for studying VOCs.18 To generate NO+ ions for the SICI experiments 
described herein, GDI of air was used. Room air was sampled directly into the GDI source 
region using a metering valve as shown in Figure 2.1. While N2 is the most abundant 
molecule in air (78%), few N2+• ions are observed in glow discharge spectra as N2+• quickly 
ionizes other molecules in air such as oxygen (O2) as shown in Reaction 3.5.1  
N2+• + O2 → O2+• + N2 Reaction 3.5 
 To illustrate how quickly O2+• ions are formed, an experiment was performed using cGDI of 
air. Ions were not steered into the QITMS but were allowed to leak past the gate electrode  
into the analyzer. The two halves of the split gate electrode were held at +180 and -160 V, 
respectively. Air was introduced into the source at a pressure of ~ 70 mTorr and a glow 
discharge current of ~ 0.7 mA was used to ionize the air molecules. The results presented in 
Figure 3.7(a) show that after only 200 ms, O2+• ions are more abundant than N2+• ions.  
 Increasing the time before spectrum acquisition produces another major ion species: 
NO+. While nitric oxide (NO) is present at low concentrations in room air, additional NO is 
generated during glow discharge ionization of air. Researchers studying hollow cathode 
glow discharges in air have found that NO can be generated from the following reaction 
scheme where excited state species are indicated with a star superscript:51-53 
N2 + e- → 2N* + e- Scheme 3.1 
     N* + O2 → NO + O 
  O2 + e- → 2O + e- 
N2* + O → NO + N* 
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Figure 3.7: Intensity of select air ions (relative to the sum of the ion 
intensity) vs time before spectrum acquisition. (a) N2+• ions are prevalent 
at short reaction times. (b) Decreasing the glow discharge current 
increases the time required to generate NO+ ions as the most abundant 
species. The solid, vertical lines indicate the transition time when the 
NO+ ion intensity becomes greater than the O2+• ion intensity.  
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After NO molecules are formed, the primary ionization pathway is most likely charge transfer 
ionization from O2+• and N2+• ions (Scheme 3.2). The rate constants for charge transfer 
ionization of NO by O2+• and N2+• ions are 4.4 x 10-10 and 3.3 x 10-10 cm3 molecule-1 sec-1, 
respectively.53 
NO + O2+• → NO+ + O2 Scheme 3.2 
NO + N2+• → NO+ + N2 
 Increasing the glow discharge current or the pressure of air in the GDI source favors 
the production of NO+ ions. In the plots shown in Figure 3.7(b), ions were formed at a source 
pressure of 150 mTorr. To prevent ion saturation at the detector, the split gate electrode was 
held at ∆ 1400 V (left graph) and at ∆ 1000 V (right graph). Comparing the two graphs 
shown in Figure 3.7(b) indicates that increasing the GDI current generates NO+ on a shorter 
timescale than when lower GDI currents are used. Comparing the graphs in (b) with the 
graph in (a) indicates that the relative NO+ concentration increases with higher pressures of 
air in the source.  
3.3.2 Optimizing Selected-Ion Chemical Ionization Signal 
To generate a high concentration of NO+ reagent ions for SICI, both a high pressure 
of air in the source and a long gate time are needed. The leaking of ions from the glow 
discharge source into the mass analyzer during the ion-molecule reaction time actually 
increased the concentration of NO+ reagent ions: the “gate time” was essentially extended 
throughout the ion-molecule reaction time. Experiments were performed to study the effects 
on VOC signal (M+• of isoprene) of changing the pressure of air in the source, the pressure 
of the analyte/air mixture in the mass analyzer, the glow discharge current, the helium 
pressure in the analyzer, and the gate and reaction times. Based on the results from these 
experiments, air was introduced into the source so that the pressure in the analyzer region 
increased to ~ 7 x 10-6 Torr. The pressure of the analyte/air mixture introduced from the 
TedlarTM sampling bag increased the pressure to a total of ~ 7 X 10-5 Torr. Helium was 
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added so that the pressure of helium in the mass analyzer was ~ 1 mTorr. The glow 
discharge current was ~ 1 mA. A 200 ms gate time and a 6 second reaction time were used. 
A SWIFT waveform (400  mVp-p) was used during the gate and reaction time to eject ions 
from m/z 40 – 50, removing any NO2+• ions formed during reagent ionization.  
Resonance ejection was not used to remove any O2+• ions formed during glow 
discharge ionization of room air. The extent of O2+• contamination was assumed to be small 
simply due to the length of the gate and reaction time used for the experiment. It was 
impossible to directly quantify the extent of O2+• contamination due the saturation of NO+ 
ions in the mass spectrum. Even increasing the voltages applied to the split gate electrode 
did not prevent ion saturation over the course of an SICI experiment (200 ms gate and a 6 
sec reaction time). The extent of O2+• contamination was indirectly determined by ionizing 
VOCs that have been studied previously using SIFT-MS. Examples of the ionization of 
isoprene and methacrolein by NO+ or O2+• reagent ions are available in the SIFT-MS 
literature.46, 47 Isoprene (C5H8) and methacrolein (C4H6O) were each ionized using SICI with 
NO+ reagent ions contaminated by an unknown concentration of O2+• ions. SIFT-MS results 
using NO+ reagent ions show that isoprene’s molecular ion (M+•) is formed. However, when 
O2+• reagent ions are used to ionize isoprene, some of the molecular ions fragment to C5H7+ 
ions. In the case of methacrolein, only [M – H]+ ions are formed when this VOC is ionized by 
NO+ reagent ions. When O2+• reagent ions are used to ionize methacrolein, a mixture of M+• 
and C4H5O+ ions are formed. The SIFT-MS results for isoprene and methacrolein are shown 
in Table 3.3, where the ratio of molecular ion intensity (labeled M) to fragment/hydride 
abstraction ion intensity (labeled (M – 1), in daltons) are shown. The ratios of M to (M – 1) 
obtained for isoprene and methacrolein using SICI are listed in Table 3.3. For the SICI 
results, the concentration of methacrolein was ~ 650 ppb and the concentration of isoprene 
was ~ 550 ppb. The GDI current was 1 mA for the methacrolein results; however, a 1 mA 
current resulted in detector saturation for the isoprene analyte. At this time, a secondary 
56 
 
Negretti valve was not available so the concentration of isoprene entering the mass analyzer 
could not be diluted as described in Chapter 2.3.3. To prevent isoprene saturation in the 
mass spectrum, the GDI current was decreased to 0.35 mA. This decrease in GDI current 
dramatically affected the O2+• contamination level as evidenced by the SICI results listed in 
Table 3.3. A comparison between the SICI results and the SIFT-MS results allows for the 
extent of O2+• contamination in SICI to be estimated. For SICI of methacrolein, the ratio of M 
to (M – 1) indicates that ~ 20% of the VOC ion signal is due to contamination by O2+• reagent 
ions. However, for SICI of isoprene, ~ 85% of the ion signal is from contamination by O2+• 
ions. The percentages are an estimation because the rate constants for ionization by O2+• 
and NO+ reagent ions were slightly different for methacrolein. The rate constants for the 
ionization of methacrolein, determined using SIFT-MS, were 3.1 x 10-9 cm3sec-1 and  
2.9 x 10-9 cm3sec-1 for O2+• and NO+ ionization, respectively.47  Isoprene’s rate constants, 
also determined using SIFT-MS were the same for ionization by both reagents: 1.7 x 10-9  
cm3sec-1.46 These results indicate that the glow discharge current must be carefully chosen 
so that abundant NO+ reagent ions are formed during glow discharge ionization of air.  
The fundamental issue of O2+• ions contaminating the NO+ reagent ions is difficult to 
solve, given the fact that ions from the glow discharge source are constantly leaking into the 
mass analyzer. Even with high glow discharge currents and long gate/reaction times, there 
will always be some level of O2+• formed during cGDI of air. While it is possible to continually 
eject O2+• ions from the mass analyzer, this option was not explored because it was thought 
that the ejection would decrease the concentration of NO+ ions and lead to a poor VOC limit 
of detection with the NO+ reagent. To ultimately address the problem of O2+• ions 
contaminating the NO+ reagent ions, pulsed glow discharge was used which is described in 
Chapter 4.4.  
 
57 
 
 
 
 
 
 
 
 
 
 
  M daltons :(M – 1) daltons 
Method Reagent Isoprene Methacrolein 
SIFT NO+ 1:0 0:1 
O2+• 1:1 7:1 
SICI NO+ 4:3 1:5 
 
 
 
 
 
 
 
 
Table 3.3: Qualitative determination of O2+• contamination in the NO+ 
reagent generated from cGDI of room air. The ratio of M daltons to  
(M – 1) daltons are listed for two methods (SIFT and SICI) and two VOC 
analytes (isoprene and methacrolein). 
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 3.4 Protonated Acetone Reagent  
When considering the proton affinities of the six primary VOC analytes studied in this 
dissertation, using the protonated acetone reagent was of interest: only three of the six 
VOCs should be ionized by protonated acetone reagent ions. Using reagent ions such as 
protonated acetone increases the selectivity of SICI; results using several different SICI 
reagents are presented in Chapter 5. Glow discharge of acetone (C3H6O) headspace vapor 
produces protonated acetone ions according to Scheme 3.3. 
C3H6O + e- → C3H6O+• + 2e- Scheme 3.3 
C3H6O+• + C3H6O → [C3H6O + H]+ + C3H5O• 
A vial of acetone (~ 7 mL) was interfaced with the glow discharge source using two fine 
metering valves in series. The pressure of acetone in the source was increased so that the 
pressure in the analyzer was ~2 x 10-6 Torr. The glow discharge current was ~ 0.6 mA. 
Room air was added to the analyzer region, increasing the pressure to ~6 x 10-5 Torr. The 
pressure of helium in the mass analyzer was ~ 1 mTorr. An SICI spectrum is shown in 
Figure 3.8(a) where a 200 ms gate and 6 second reaction time was used. No VOC analyte 
was present. The major ion species in the mass spectrum is the protonated acetone dimer; 
little protonated acetone monomer is observed.  
 While the acetone dimer could be dissociated to form protonated monomer ions 
using resonance excitation, it was thought that the high concentration of neutral acetone in 
the mass analyzer could cause unexpected ion-molecule reactions with the VOC analyte 
ions. The concentration of acetone in the mass analyzer needed to be reduced while the 
protonated acetone monomer needed to be formed in the glow discharge. Simply 
decreasing the pressure of the reagent in the source region was not an option; glow 
discharge of acetone could not be initiated when the source pressure was decreased. 
Instead, the concentration of acetone in the source region was decreased but room air was 
leaked into the source region so that the source pressure was high enough for glow 
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discharge ionization to occur. A fine metering valve was interfaced with the source region to 
control the flow of room air into the source (Figure 2.1). The acetone pressure was 
decreased to an analyzer reading of ~ 8 x 10-7 Torr and air was added to the source region 
so that the analyzer pressure increased to ~ 4 x 10-6 Torr. The glow discharge current and 
the pressures of room air and helium added to the mass analyzer were the same as 
described above. A spectrum acquired using these conditions is shown in Figure 3.8(b). The 
concentration of protonated acetone monomer ([R + H]+) is increased in Figure 3.8(b) as 
compared to Figure 3.8(a). 
 While it was convenient to add air to the source region to sustain the glow discharge 
current, experiments using helium to sustain the discharge were also performed. Helium 
was added to the source region so that the analyzer pressure increased to ~1 x 10-4 Torr. As 
usual, room air and helium were added to the analyzer region. The glow discharge current 
was ~ 0.7 mA. A spectrum was acquired at these conditions (Figure 3.8(c)). Both the 
protonated acetone monomer and dimer are dominant in Figure 3.8(c), though the peak 
width of the protonated acetone monomer indicates that its concentration is likely higher 
than that of the protonated dimer. Next, a 200 mVp-p resonance excitation voltage was used 
during the gate and reaction time to resonantly excite the protonated dimer. Resonance 
excitation resulted in the dissociation of the dimer to form additional protonated monomer 
ions (Figure 3.8(d)).  
 One difficulty encountered with generating protonated acetone reagent ions using 
cGDI was the presence of chemical noise in the mass spectrum (Figure 3.8). The chemical 
noise could not be completely avoided because reagent and non-reagent ions leaked from 
the glow discharge source into the mass analyzer during the ion-molecule reaction time. A 
further discussion of chemical noise is provided in Chapter 4.2.4 where pulsed glow 
discharge ionization (pGDI) of an acetone/helium mixture is used to generate protonated 
acetone reagent ions for SICI.  
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Figure 3.8: Method development to generate [acetone + H]+ reagent (R) 
ions. (a) cGDI of acetone, (b) cGDI of acetone/air mixture, (c) cGDI of 
acetone/He mixture, and (d) cGDI of acetone/He mixture with resonance 
excitation used to dissociate [acetone2 + H]+ ions.  
a) b) 
c) d) 
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3.5 Other Reagents 
 Several additional chemical ionization reagents were studied using cGDI to 
determine their usefulness as SICI reagents. These reagents included benzene, methanol, 
and other alcohols such as ethanol, phenol, pentanol, and tert-butanol. In each case, a vial 
of the neutral reagent liquid or solid was interfaced to the GDI source region and the 
headspace was sampled into the source. To initiate and maintain the glow discharge, a 
sufficient pressure of the reagent gas was needed in the source region; the pressures 
required varied depending on the reagents used. At the pressures required for glow 
discharge ionization, all of the alcohols were ionized, but underwent ion-molecule reactions 
with the neutral reagent present in the QITMS. Future work using reagents such as those 
listed above should focus on generating the reagent ions using glow discharge of a 
reagent/helium mixture. Decreasing the pressure of the neutral reagent should limit reagent 
ion-molecule reactions in the source and mass analyzer. Glow discharge of benzene 
produced a high concentration of benzene molecular ions, although any water 
contaminating the source region increased the concentration of protonated benzene ions. 
The ionization energy of benzene (9.244 eV) is almost identical to that of NO (9.264 eV), so 
a method to use benzene molecular ions as a reagent was not developed.   
 Of the alcohols studied, efforts were focused on developing a method to generate 
and use protonated methanol as an SICI reagent. Methanol has a low proton affinity (754.3 
kJ/mol) and there was interest in developing an alternate proton transfer reagent to the more 
commonly used hydronium ions. Unexpectedly, glow discharge of methanol produced ions 
at m/z 47, which were identified as protonated dimethylether ions.54 The formation of 
protonated dimethylether ions was dependant on the pressure of methanol in the source 
and analyzer regions, and the glow discharge current used. High source pressures of 
methanol and high glow discharge currents favored the formation of protonated 
dimethylether. The proton affinity of dimethylether (792.0 kJ/mol) indicates that the 
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protonated dimethylether reagent could be used for selective ionization of VOCs with proton 
affinities greater than 792.0 kJ/mol. Of the six VOC isomer and isobar pairs studied in this 
work, protonated dimethylether could be used to selectively ionize isoprene and 2-
methylfuran. A procedure for generating protonated dimethylether reagent ions using pulsed 
glow discharge ionization (pGDI) is described in Chapter 5.  
 
3.5 Summary and Conclusions 
 In Chapter 3, methods to generate several SICI reagent ions using constant glow 
discharge ionization (cGDI) were discussed. Glow discharge of water vapor produced 
hydronium reagent ions while glow discharge of room air produced NO+ reagent ions. Glow 
discharge of an acetone headspace and helium mixture produced protonated acetone 
reagent ions. Limits of detection were determined for the hydronium reagent ionizing three 
VOCs: isoprene, methacrolein, and methyl vinyl ketone. While the errors associated with the 
limits of detection were substantial, the limits of detection ranged from 56 to 119 ppb.  
Despite these favorable results, each of the three SICI reagents generated using 
cGDI had at least one limitation. Constant glow discharge of water vapor produced H2O+• 
ions which leaked from the source into the mass analyzer during the SICI ion-molecule 
reaction time. The H2O+• ions ionized oxygen and other air molecules present in the mass 
analyzer. When cGDI of air was used to generate NO+ ions, O2+• ions were formed; the O2+• 
ions constantly leaked into the mass analyzer, ionizing the analyte VOCs when selective 
ionization by NO+ ions was desired. Constant glow discharge of an acetone/helium mixture 
produced protonated acetone reagent ions, but other ions were also present as chemical 
noise.  
 All of the limitations described above can be overcome by generating reagent ions 
exclusively during the gate portion of the scan function. Once the ions are trapped in the 
mass analyzer, any non-reagent ions can be ejected from the mass analyzer. The selected 
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reagent ions would then react with the VOC analyte for a specified reaction time prior to 
spectrum acquisition. Chapter 4 focuses on generating reagent ions using pulsed glow 
discharge ionization where the glow discharge plasma can be initiated for a select portion of 
the scan function. 
 
 
 
 
 
 
 
Chapter 4 
Generating Reagent Ions using Pulsed Glow Discharge Ionization 
 
4.1 Introduction  
The use of pulsed glow discharge ionization (pGDI) to generate reagent ions for 
selected-ion chemical ionization (SICI) is described in Chapter 4. The discussion in Chapter 
3 focused on methods using constant glow discharge ionization (cGDI) to generate three 
different reagent ion species: hydronium (H3O+) ions, nitric oxide (NO+) ions, and protonated 
acetone ([C3H6O + H]+) ions. Chapter 3 concluded with a discussion of several limitations 
encountered when generating reagent ions using cGDI. Of primary concern was that ions 
generated in the glow discharge constantly leaked into the quadrupole ion trap; this led to 
non-selective analyte ionization and an increase in chemical noise in the mass spectrum. 
Pulsing the glow discharge plasma off before the SICI ion-molecule reaction time would 
prevent ions from leaking into the quadrupole ion trap: no ions would be generated in the 
source region during the ion-molecule reaction time.    
In addition to the expected decrease in chemical noise using pGDI, researchers have 
determined that pulsing the glow discharge off before spectrum acquisition decreases the 
instrumental noise in the mass spectrum. When current is flowing through the glow 
discharge region during spectrum acquisition, the instrumental noise in the mass spectrum 
is increased due to a combination of non-mass resolved ions, photons, electrons, and/or fast 
or excited state neutrals hitting the detector.49 As discussed in Chapter 3, the term  
instrumental noise used in this work includes the spectrum noise observed when the glow 
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discharge current is flowing during spectrum acquisition and sources of non-chemical noise 
that are present regardless of the glow discharge current, such as shot noise, detector dark 
current, or electronic rf pickup from the ring electrode.49   
 
4.2 Pulsed Glow Discharge Ionization 
4.2.1 Pulsed Glow Discharge Ionization Circuit  
 One of the power supplies previously used for cGDI was also capable of operating in 
a pulsed mode. The Ortec 556 high-voltage power supply (Oak Ridge, TN) has an output 
voltage range of 0 to ±3 kV with a maximum current output of 10 mA and is equipped with 
an external control option. When using the external control BNC input, a 0 to ± 6.9 V input 
(dc) initiates a proportional voltage output from the power supply having the same polarity 
as the input. A circuit was designed to generate a customized input voltage pulse so that the 
user could control the length and voltage amplitude of the output glow discharge voltage 
pulse. Instead of using a two-state square wave input pulse, a three state system was used. 
The glow discharge region acts as a capacitor, requiring a charging time before the glow 
discharge plasma is formed. This charging was observed using cGDI: a high voltage was 
required to initiate the glow discharge, but then a lower voltage was used to maintain the 
desired cGDI current. Alternatively, if the voltage required to maintain the cGDI current was 
initially applied to the front plate of the source region, the plasma would not form for several 
seconds. To decrease the time required for charging, a high voltage output was requested 
from the power supply to initiate the glow discharge plasma. After initiation, a lower voltage 
was used to sustain the plasma, followed by a still lower voltage to turn the glow discharge 
plasma off. 
 Part of the circuit design used for pGDI is illustrated in Figure 4.1: a three-level 
output pulse is generated and applied to the Ortec 556 power supply input (see Appendix 2 
for the full circuit diagram). The most important part of the circuit is a dual SPDT switch chip 
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(Figure 4.1(a)). The two switches are connected to form a three-state system. Three voltage 
amplitudes, shown in red in Figure 4.1(a), were established using three voltage divider 
circuits where the user could control the output voltages using three variable resistors. The 
example voltages shown in Figure 4.1 are -0.5 V (zone 1), -1.0 V (zone 3), and -1.5 V (zone 
2). These voltages are applied to the dual SPDT switch as shown in Figure 4.1(a). A timing 
diagram is shown in Figure 4.1(b), illustrating how two TTL pulses of lengths I and II 
determine the length of time the final output pulse remains at the zone 1 and zone 2 
voltages. Pulse length I was generated using a variable resistor and a monostable 
multivibrator while pulse length II was generated using a variable resistor and a timer chip. 
Figure 4.1(a) shows the SPDT switch system where both pulse length I and pulse length II 
are in the HI state, the condition necessary to generate the -1.5 V (zone 2) output. Using the 
circuit, the user has control over the length of pulse I and pulse II and the voltage level of 
zones 1-3. The circuit is triggered using a +5 V pulse generated by the ITMS electronics at a 
user-specified time during the scan function; typically the pulse was generated at the start of 
the scan function. 
4.2.2 Monitoring Pulsed Glow Discharge Ionization 
 The circuit discussed above in Chapter 4.2.1 was used to pulse the glow discharge 
plasma. The pulsing was visually confirmed using a view window in the source region. To 
monitor the timing of the glow discharge pulse electronically, the voltage drop across a 
177.6 kΩ resistor connected between the 2nd source lens (Figure 2.1) and ground was 
monitored using a digital oscilloscope. The second source lens passed a current through the 
resistor when the glow discharge plasma was present. The 177.6 kΩ resistor was arbitrarily 
chosen so that the output voltage could be easily measured on a digital oscilloscope. Two 
experiments were performed to confirm the timing of the glow discharge pulse with the 
current measured through the 177.6 kΩ resistor. First, a picoammeter was attached to the 
1st and 3rd Einzel elements and the ion current passing from the source into the quadrupole 
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Figure 4.1: (a) Conceptual circuit design to generate a custom 
waveform used to pulse the glow discharge power supply. (b) The 
custom waveform and timing diagram. 
a) 
b) 
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ion trap was monitored on the digital oscilloscope. Second, spectra were recorded at 
different times during the glow discharge pulse. The instrumental noise in each spectrum 
was determined and compared with the current monitored from the 2nd source lens: higher 
glow discharge currents produced more intense instrumental noise. The timing of the glow 
discharge pulse monitored from the 2nd source lens matched the increase in instrumental 
noise observed when the glow discharge plasma was formed. 
4.2.3 Response Time of Pulsed Glow Discharge Ionization 
 Comparing the three-state pulse from the circuit described in Chapter 4.2.1 with the 
actual glow discharge pulse monitored via the 2nd lens pickup described in Chapter 4.2.2 
shows that there is a delay in the initiation of the glow discharge plasma. The delay in 
plasma initiation and termination are indicated in Figure 4.2. The delays were studied by 
varying the three voltages (zones 1-3) in the customized pulse sent to the Ortec power 
supply. Increasing any of the zone voltages decreased the plasma initiation delay but 
increased the termination delay, producing a longer glow discharge pulse overall. Increasing 
the total length of the requested pulse increased the voltage and current outputs from the 
Ortec power supply. These observations indicate that the Ortec 556 power supply has a 
slow voltage rise and fall time. (Note that rise and fall time specifications were not available 
for the Ortec 556 power supply.) Increasing the length of the three-state voltage pulse 
allows the power supply more time to reach or approach the requested output voltage. 
Furthermore the glow discharge region itself is essentially a capacitor that must be charged 
before the glow discharge current begins to flow; when current flows, the capacitor is 
operating in the breakdown region. Increasing the voltage initially applied to the front plate 
allows the capacitor to charge quickly. However, the slow fall time of the power supply 
translates into a long termination delay when higher voltages are requested during the glow 
discharge pulse. 
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Figure 4.2: Example initiation and termination delays of pGDI of H2O 
headspace vapor. The input waveform applied to the glow discharge 
power supply is shown in black while the voltage pickup on the 2nd 
source lens is shown in red.  
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  To address the problem of the plasma initiation delay, a “warm-up” period was 
provided before the gate time in the scan function. The requested pulse was sent to the 
Ortec power supply at the start of the scan function, but the gate time was delayed to 
correspond with the actual time when current flowed through the glow discharge region. The 
timing of the gate and glow discharge pulse were monitored on a digital oscilloscope: the 
gate time was monitored using a TTL output from the ITMS electronics while the GDI pulse 
was monitored using the current pickup at the 2nd source lens. 
4.2.4 Instrumental Noise 
 The decrease in instrumental noise when the glow discharge plasma is pulsed off 
during spectrum acquisition is illustrated in Figure 4.3. A background subtracted spectrum 
from the ionization of ~ 800 ppb isoprene using cGDI of H2O vapor at a glow discharge 
current of 0.8 mA is shown in Figure 4.3(a). The spectrum shown in Figure 4.3(b) is almost 
identical to that in (a), except the glow discharge has been pulsed off in (b) just prior to 
spectrum acquisition. SWIFT was used to eject any chemical noise from m/z 28 to 62, a 
mass range indicated with the double-headed arrows in Figure 4.3. Only instrumental noise 
should remain in the region from m/z 28 to 62. The decrease in instrumental noise using 
pGDI to ~4% of the noise present during cGDI should improve the SICI limits of detection 
with different reagent ions. Furthermore, preventing ions from leaking from the source into 
the mass analyzer after the gate time should decrease the overall chemical noise, allow 
better selection of SICI reagent ions, and prevent source-generated ions from contaminating 
experiments requiring isolation of select ions.  
 To generate H3O+ reagent ions for SICI, the glow discharge plasma was pulsed on 
during a 500 ms gate time, then the reagent ions were allowed to react with the VOC/air 
mixture in the QITMS for ~ 1.6 seconds. Unexpectedly, the ion signal in the mass spectrum 
was very low for both the protonated VOC analyte and the hydronium reagent.  At first it was 
thought that the concentration of H3O+ ions generated during the gate time was too low,  
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Figure 4.3: Comparison of (a) cGDI and (b) pGDI. Pulsing the glow 
discharge plasma off during the analytical ramp decreases instrumental 
noise in the pGDI spectrum as compared to the cGDI spectrum. The 
double-headed arrows indicate that SWIFT was used to eject ions over 
a range of mass-to-charge ratios. The remaining signal is due to 
instrumental noise.  
b) 
a) 
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particularly when trying to compare this pGDI experiment with cGDI results where H3O+ ions 
constantly leaked into the ion trap over the course of a 6 second reaction time.  
 
4.3 Hydronium Reagent 
 To better compare pGDI with cGDI, a pGDI-SICI experiment was performed to mimic 
the conditions used for cGDI. The pressure of H2O in the source increased the pressure in 
the mass analyzer region to ~ 7 x 10-6 Torr. Room air was leaked into the analyzer region 
achieving a pressure of ~ 6 x 10-5 and helium added ~ 1 mTorr to the total pressure. The 
glow discharge plasma was formed for ~ 6 seconds, generating a high concentration of 
H3O+ ions. As in the experiments using cGDI of water, any ions from air that were formed 
during the 6 second time were ejected from the ion trap using SWIFT. After the glow 
discharge plasma was terminated, however, a delay time was used before spectrum 
acquisition. The results from this experiment are shown in Figure 4.4 where a 280 ms delay 
time (a) and a 3.4 second delay time (b) were used.  
Assuming that relative ion losses during ion ejection for spectrum acquisition are 
constant for different storage times, the results in Figure 4.4 indicate that the storage 
efficiency of H3O+ ions is poor. Ironically, the major problem encountered with cGDI of water 
vapor was the leaking of ions from the source into the mass analyzer. The results presented 
in Figure 4.4 indicate that H3O+ ions leaking into the mass analyzer during the reaction time 
likely improved the VOC detection limit using cGDI for reagent ion generation. 
To quantify the loss of H3O+ ions over an increasing storage time, a pGDI experiment 
was set up similar to that described above but the H3O+ ion concentration was reduced so 
that the hydronium ion signal did not saturate the detector. After the glow discharge pulse 
was terminated, a variable delay time was used and the decrease in hydronium ion intensity 
was monitored. The relative hydronium ion intensity is plotted against the delay time for 
typical SICI conditions using a mixture of helium and air as the bath gas. The results are  
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Figure 4.4: After ~ 6 seconds of pulsed glow discharge of H2O vapor, 
(a) a 280 ms delay time and (b) a 3.4 sec delay time was provided 
between pulse termination and spectrum acquisition.  
b) 
a) 
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shown in Figure 4.5(a). For comparison, a similar set of experiments were performed with a 
helium-only bath gas; these results are presented in Figure 4.5(b). In both graphs in Figure 
4.5, the intensities of the hydronium ions (m/z 19) are set at 100% relative intensity at a 0 
second delay time while the intensities of ions greater than m/z 19 are set at zero. In 
addition to the loss of hydronium ions over time, the graphs also indicate if any other ions 
(with m/z > 19) are being forming during the delay time due to ion-molecule reactions. In 
Figure 4.5(b), the decrease in hydronium ion signal over time is primarily due to the ions 
clustering with neutral water molecules present in the quadrupole ion trap. The difference 
between the two plots in Figure 4.5 is striking: clearly one factor contributing to the decrease 
in hydronium ion storage efficiency is the presence of the heavy bath gas (air) in the mass 
analyzer.  
One explanation for the decrease in hydronium ion storage efficiency is that 
hydronium ions are scattered due to collisions with the heavy bath gas (air) molecules. If a 
hydronium ion collides with a heavy bath gas molecule, the ion’s momentum can change 
resulting in the ion assuming an unstable trajectory. Collisions with the low-mass helium 
bath gas ions can cause a minor momentum change for the hydronium ion, but the change 
is less likely to cause scattering.55  
 Because the SICI method detects VOCs in air, losses of the hydronium reagent ion 
from the quadrupole ion trap due to the presence of the heavy bath gas cannot be avoided. 
However, one of the benefits of pGDI can still be realized: the decrease in instrumental 
noise when the glow discharge plasma is turned off before spectrum acquisition. After 
approximately 500 ms of warm-up time, the glow discharge plasma was pulsed on during a 
200 ms gate and 6 second reaction time, then pulsed off before the analytical ramp. The 
glow discharge current was ~ 1 mA; the long glow discharge pulse allowed the current to be 
read off of the glow discharge power supply display while the timing of the glow discharge 
pulse was monitored from the 2nd source lens. Typical resistance values used for the pGDI  
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Figure 4.5: Hydronium ion intensity (black) and intensity of ion-molecule 
reaction products (red) for pGDI of H2O vapor using a mixed bath gas of 
(a) helium and air and (b) helium alone. 
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circuit controlling the glow discharge power supply were 12.5 kΩ (zone 1), 1.8 Ω (zone 2), 
5.5 kΩ (zone 3), 570 Ω (length I), and 133.5 kΩ (length II). SWIFT was used during the gate 
and reaction time to eject air ions formed from charge transfer ionization of air molecules by 
H2O+• ions; ions were usually ejected from m/z 28 to m/z 56 using a voltage of 400 mVp-p. 
 Calibration curves were constructed for three protonated VOCs: isoprene, methyl 
vinyl ketone, and methacrolein. In contrast to the calibrations performed using cGDI of 
water, a dilution was used for the pGDI calibrations. A high concentration of VOC was 
prepared in the TedlarTM sampling bag. After detecting the VOC, the flow from the sampling 
bag was diluted with room air using a second Negretti valve as shown in Figure 2.1. Diluting 
the VOCs reduced the time required for calibration: a single sampling bag was used to 
generate four calibration points. The concentration of the dilute VOC was determined from 
the partial pressure of the VOC/air mixture from the sampling bag in the mass analyzer 
region as compared with the total (constant) pressure of air introduced from both Negretti 
valves. Background spectra were acquired from sampling the room air and sampling the air 
in the TedlarTM sampling bag before the VOC was injected. While usually the [M + H]+ 
intensities from the room air and from the sampling bag blank were statistically the same 
using a student’s T-test at the 90% confidence level, the appropriate percent intensities from 
the background spectra, depending on the dilution, were used to subtract the [M + H]+ 
background from analyte [M + H]+ intensity.  
 A calibration curve for protonated isoprene is shown in Figure 4.6 while the limits of 
detection, sensitivities, and R2 values are listed in Table 4.1. Four data points were 
averaged for each concentration used in the calibration for isoprene while three data points 
were averaged for each concentration used in the methyl vinyl ketone and methacrolein 
calibrations. The limits of detection were determined from the intensity corresponding to 
three times the noise (see Chapter 2). Comparing the results for isoprene using pGDI-SICI 
listed in Table 4.1 with the results listed in Table 3.2 for cGDI-SICI shows that the detection  
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Figure 4.6: (a) Calibration curve for isoprene with pGDI of H2O reagent 
to generate H3O+ reagent ions. (b) Limit of detection, sensitivity, and R2 
values for three VOCs. 
 
Analyte Limit of 
Detection (ppb) 
Sensitivity 
(counts/ppb) 
R2
Isoprene 49 ± 31 4.9 ± 0.4 0.996 ± 
0.008 
Methyl vinyl 
ketone 
180 ± 229 1.7 ± 0.4 0.980 ± 
0.096 
Methacrolein 154 ± 93 2.4 ± 0.4 0.978 ± 
0.127 
Table 4.1: Limit of detection and sensitivity information for three VOCs 
ionized by pGDI-SICI with H3O+ reagent ions. 
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limit has been improved by a factor of two. This improvement cannot be completely 
attributed to the decrease in instrumental noise when pulsed glow discharge is used. 
Chemical noise is still present and is the major contributor to the noise used to determine 
the limit of detection.  
There are several key experimental differences between the calibration experiments 
using cGDI and pGDI (Tables 3.2 and 4.1). First, diluting the VOC/air mixture from the 
TedlarTM sampling bag in the pGDI results improved the linearity of the calibration: the R2 
values are improved for two out of the three analytes in the pGDI-SICI results and the errors 
associated with the sensitivities are small. Second, more data points and more trials were 
used for the pGDI-SICI calibrations.   
Despite the above improvements to the pGDI-SICI method, two factors contributed to 
making the limits of detection worse in the case of the pGDI-SICI results. The freeze-pump-
thaw setups used for the two calibrations were different. A discussion of the two setups is 
provided in Chapter 2.3.2. Briefly, the setup used for pGDI-SICI used less volume of liquid 
VOC compared to the setup used for cGDI-SICI. In the pGDI-SICI case, the headspace gas 
above the VOC was sampled into an evacuated chamber, then the chamber was isolated 
from the liquid VOC. While this design decreased the time required for the preparation of the 
analyte, the overall pressure of the VOC gas in the chamber was reduced compared to the 
original setup used for cGDI-SICI. It was hypothesized in Chapter 2.3.2 that this decrease 
was due to a combination of VOC adsorption into o-rings used in the chamber, chamber 
evacuation through an imperfect toggle valve seal connecting a mechanical pump to the 
chamber, and less air from atmosphere entering into the chamber itself. While VOC 
absorption or evacuation would not affect the resulting VOC concentration in the TedlarTM 
sampling bag and decreasing the amount of air leaking into the chamber would improve the  
accuracy of the calculated VOC concentrations, any air leaking into the freeze-pump-thaw 
chamber itself would produce an apparent VOC concentration higher than the true 
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 concentration. The calculated limit of detection would then be higher than the true value. 
While air leaking into the freeze-pump-thaw chamber is of concern for both freeze-pump-
thaw setups (used for cGDI- and pGDI-SICI), the lower pressure of VOC in the chamber 
setup used for the pGDI results meant that a constant pressure of air contamination would 
have a greater effect on the apparent VOC concentration in the Tedlar sampling bag for the 
pGDI results. Further evidence for this explanation comes from detection limits for isoprene 
as compared to methyl vinyl ketone and methacrolein. The pressure of isoprene gas in the 
freeze-pump-thaw chamber was ~200 Torr, four times higher than the pressure of methyl 
vinyl ketone or methacrolein in the chamber (~50 Torr). A constant pressure of air leaking 
into the freeze-pump-thaw chamber would have more of an affect on the limits of detection 
determined for methyl vinyl ketone and methacrolein. This trend is observed in the data: the 
limits of detection for methyl vinyl ketone and methacrolein are about three times higher 
than for isoprene. While this trend matches with the results obtained using cGDI, the 
pressure of isoprene in the chamber setup used for cGDI was still higher than that of methyl 
vinyl ketone or methacrolein. Therefore, the limit of detection determined for isoprene is 
likely more accurate than the limits of detection determined for methyl vinyl ketone and 
methacrolein. From Table 4.1, the limit of detection for isoprene using H3O+ reagent ions is 
within the 18 to 80 ppb range; this range should be considered the upper limit to the true 
limit of detection. 
Finally, the glow discharge current used for the pGDI-SICI calibrations was ~ 1 mA, 
compared with the ~ 2 mA used for the cGDI-SICI calibrations. The pressure of reagent 
water vapor in the glow discharge source was not known for the cGDI-SICI results, but the 
pressure of water in the mass analyzer region was lower for the pGDI results than the cGDI 
results. As discussed in Chapter 3.2.4, increasing the glow discharge current can improve 
SICI signal, but chemical noise is also increased. When a high level of chemical noise is 
present, the range of concentrations detectable using the set of experimental conditions is 
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small. Also the noise value used to determine the detection limits becomes larger when 
higher glow discharge currents are used. The sensitivities listed in Tables 3.2 and 4.1 
indicate that the sensitivities are less for the pGDI-SICI results. The decrease in sensitivity 
compared with the cGDI-SICI results supports the conclusion that the range of 
concentrations detectable using the experimental conditions for pGDI-SICI is larger than the 
range detectable with cGDI-SICI. The chemical noise is also lower in the pGDI-SICI results, 
likely due to the decrease in sensitivity.  Increasing the glow discharge current using pGDI 
may increase the analyte ion intensity in the mass spectrum, but the increase in spectrum 
noise would offset the improvement in detection limit. Additional calibration curves need to 
be constructed to determine if increasing the glow discharge current in pGDI would 
significantly improve the detection limit.   
 
4.4 Nitric Oxide Ion Reagent 
 As discussed in Chapter 3.2.1, increasing the pressure of room air in the glow 
discharge source, increasing the glow discharge current, and increasing the gate/reaction 
time favors the production of NO+ ions over O2+• ions. The air pressure in the source region 
was set to ~130 mTorr, increasing the pressure in the mass analyzer to 1 x 10-5 Torr. The 
pressure of the analyte/air mixture from the TedlarTM sampling bag was ~ 6 x 10-5 Torr in the 
mass analyzer while the pressure of helium in the mass analyzer was ~ 1mTorr. To 
preferentially generate NO+ ions, the glow discharge was pulsed on for 2.2 seconds, 
typically using the following resistance values for the pGDI control circuit described in 
Chapter 4.2.1: 34 kΩ (zone 1), 2 Ω (zone 2), 7 kΩ (zone 3), 550 Ω (length 1), and 39 kΩ 
(length II). When pGDI was used to generate H3O+ reagent ions, the pulse length was over 6 
seconds long and the maximum glow discharge current was low enough (~ 1 mA) that the 
current could be read from the power supply display. The glow discharge pulse used to 
generate NO+ ions, however, was much shorter that that used for H3O+ generation and 
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higher currents were required. The glow discharge current was indirectly monitored by 
measuring the voltage pickup on the 2nd source lens as described in Chapter 4.2.2. A 
calibration curve was constructed relating the glow discharge current to the 2nd lens pickup 
using cGDI. Using the calibration curve and the pGDI pulse profile recorded from the 2nd 
lens pickup, it was determined that the glow discharge pulse reached a maximum current of 
~ 9 mA. While performing constant glow discharge ionization at such a high current is not 
recommended (see Chapter 3.2.4), there were no apparent negative effects from glow 
discharge pulses briefly attaining high currents.   
 A scan function used for pGDI-SICI with NO+ reagent ions is shown in Figure 4.7. 
After a 500 ms warm-up time, the glow discharge was pulsed on for 2.2 seconds. During the 
glow discharge pulse, a 400 mVp-p SWIFT waveform was applied to the endcap electrodes 
to eject ions from m/z 40 to 150. Despite the length of the glow discharge pulse and the high 
glow discharge currents attained, O2+• ions still contaminated the NO+ reagent ions. To 
remove the O2+• ions from the mass analyzer before the SICI ion-molecule reaction time, a 
combination of ramping the rf trapping amplitude and resonance ejection was used. After 
the glow discharge pulse was terminated, the rf trapping voltage amplitude was increased to 
a level corresponding to m/z 28 then decreased to m/z 12. While the rf trapping voltage was 
decreased, a 2 V, 143 kHz resonance ejection voltage was used to eject O2+• ions from the 
mass analyzer. The removal of the O2+• contamination could not be directly confirmed in the 
mass spectrum because the NO+ ions saturated the detector. Instead, isoprene (M, C5H8) 
was introduced into the mass analyzer as the VOC analyte and the removal of O2+• 
contamination was confirmed by monitoring the ratio of M+• to  C5H7+ ions. According to the 
SIFT-MS literature, NO+ reagent ions react with isoprene to exclusively form isoprene 
molecular ions (C5H8+•) while the fragment ions C5H7+ and C4H5+ indicate that O2+• ions are 
ionizing isoprene.46 No signal from C5H7+ or C4H5+ ions was observed in the mass spectrum, 
confirming the removal of O2+• contamination ions.  
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Figure 4.7: Scan function used for pGDI-SICI with NO+ reagent ions.
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 A calibration curve for isoprene ionized by SICI with NO+ reagent ions is presented in 
Figure 4.8. The limits of detection, sensitivities, and R2 values from the isoprene calibration 
curve and from a calibration curve using methacrolein as the analyte are listed in Table 4.2. 
Four data points were averaged for each concentration used in the calibration for isoprene 
while three data points were averaged for each concentration used in the methacrolein 
calibration. The limits of detection were determined from the intensity corresponding to three 
times the noise. As described in Chapter 2, the noise was 9.5 counts. 
 Considering the results listed in Table 4.2, the limit of detection for isoprene is much 
better than that for methacrolein. While it can be argued that any air contamination in the 
freeze-pump-thaw chamber had a larger affect on the calculated concentrations for 
methacrolein than for isoprene, it is also likely that hydride abstraction proceeds at a slower 
rate than charge-transfer ionization. The limit of detection range for isoprene is from 29 to 71 
ppb. Again, this range should be considered the upper limit to the true limit of detection. The 
errors associated with the limit of detection and sensitivity for isoprene are much smaller 
than the errors for the methacrolein measurements: again, fewer trials were performed for 
methacrolein.  
 The fundamental difference between the ionization of isoprene and methacrolein by 
NO+ reagent ions is that ionization of isoprene is via charge-transfer ionization while 
methacrolein is ionized via hydride abstraction. However, according to the SIFT-MS 
literature, the reaction rate constants for NO+ reacting with isoprene and methacrolein are 
very similar: 1.7 x 10-9 cm3/molecule-sec and 2.6 x 10-9 cm3/molecule-sec, respectively.46, 47 
It is not clear at this time if the relatively high limit of detection (176 ppb) calculated for 
methacrolein is a result of the errors discussed above, or if hydride abstraction SICI 
proceeds at a slower rate than charge-transfer ionization SICI.  
The limits of detection for SICI with NO+ reagent ions can likely be improved by 
developing a new method to generate NO+ ions without O2+• contamination. In the current
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Figure 4.8: Isoprene calibration curve using pGDI-SICI with NO+ 
reagent ions. 
 
 
 
Analyte Limit of 
Detection (ppb) 
Sensitivity 
(counts/ppb) 
R2 
Isoprene 50 ± 21 3.7 ± 0.1 0.998 ± 0.004 
Methacrolein 176 ± 67  2.1 ± 0.3 0.991 ± 0.003 
 
Table 4.2: Limits of detection, sensitivities, and R2 values based on 
calibration curves generated for isoprene and methacrolein.  
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method, when the O2+• ions were resonantly ejected from the quadrupole ion trap, NO+ ions 
were likely ejected as well. Increasing the concentration of NO+ ions should improve the 
SICI detection limit. In the literature, NO+ ions are generated from a mixture of NO and N2 
molecules.56 Generating NO+ ions by this alternate method may also decrease the time 
required for SICI; the current method required a glow discharge pulse longer than 2 seconds 
to generate the NO+ ions.  
 
4.5 Protonated Acetone Reagent 
 Based on the method development described in Chapter 3.4, a mixture of acetone 
headspace gas and helium was introduced into the source region to generate protonated 
acetone ions using pGDI. The pressure of acetone headspace gas in the source was ~ 60 
mTorr, corresponding to a pressure of ~ 1 x 10-6 in the mass analyzer. Helium was added to 
the source, increasing the pressure to a total of ~ 375 mTorr. The pressure of helium from 
the source region in the mass analyzer was ~ 8.5 x 10-5 Torr. The pressure of the air/analyte 
mixture from the TedlarTM sampling bag was ~ 6 x 10-5 Torr. Helium was added directly into 
the mass analyzer to achieve a pressure of ~ 9 x 10-4 Torr.  
 After a 50 ms warm-up time, the glow discharge plasma was pulsed on for 3 
seconds. The resistance values used in the pGDI circuit were typically 13.5 kΩ (zone 1), 0.7 
Ω (zone 2), 3.7 kΩ (zone 3), 0.57 kΩ (length I), and 46.6 kΩ (length II). As described in 
Chapter 4.2.2, the glow discharge pulse was monitored using the voltage pickup on the 2nd 
source lens. The pickup was calibrated using cGDI and it was determined that the pGDI 
pulse reached a maximum current of ~ 2 mA. The scan function for pGDI-SICI experiments 
is shown in Figure 4.9. After the glow discharge pulse was terminated, the protonated 
acetone reagent ions were isolated in the mass analyzer. First, a resonance ejection voltage 
(2 Vp-p, 72.066 kHz) was applied to the endcap electrodes for 100 ms to eject the high 
concentration of chemical noise ions at m/z 72. The rf trapping voltage applied to the ring 
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Figure 4.9: Scan function used for pGDI-SICI with protonated acetone 
reagent ions. 
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electrode was then increased to an amplitude corresponding to m/z 50, then ramped down 
to an amplitude corresponding to m/z 20. While decreasing the rf trapping voltage, an 800 
mVp-p resonance ejection voltage with a frequency of 120 kHz was applied to the endcap 
electrodes to eject ions from the quadrupole ion trap having mass-to-charge ratios larger 
than that of protonated acetone.  Any ions with mass-to-charge ratios less than that of 
protonated acetone were ejected from the mass analyzer by increasing the rf trapping 
voltage amplitude then decreasing it again to a level corresponding to m/z 15.  
 Once the protonated acetone ions were isolated in the mass analyzer, a 6 second 
SICI reaction time was used to ionize the VOCs. During the reaction time, a low-amplitude 
resonance ejection voltage (200 mVp-p, 46597 Hz) was used to dissociate any protonated  
acetone dimer ions that formed. While calibration curves were not constructed for any of the 
analytes reacting with the protonated acetone reagent, the detection limit for pGDI-SICI with 
the protonated acetone reagent is estimated to be in the double-digit ppb range. This 
estimation is based on results that are described in Chapter 5, when the protonated acetone 
reagent was reacted with isoprene, methyl vinyl ketone, and 2-methylfuran. 
 
4.6 Summary and Conclusions 
 Pulsed glow discharge was used to generate reagent ions for SICI. To pulse the 
glow discharge plasma on and off, a circuit was designed and built to control the glow 
discharge power supply. The timing of the actual glow discharge pulse was determined by 
monitoring the voltage drop across a resistor attached to the 2nd source lens. Pulsing the 
glow discharge off before spectrum acquisition decreased the instrumental noise observed 
in the mass spectrum.  Chemical noise was decreased using pGDI to generate the NO+ and 
[acetone + H]+ reagents: the desired reagent ions could be isolated in the quadrupole ion 
trap then reacted with the VOC analyte. However, when H3O+ reagent ions were isolated in 
the quadrupole ion trap in the presence of the helium/air bath gas used for SICI, it was 
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observed that the H3O+ ions were not efficiently stored in the ion trap. Hydronium ions were 
still used for SICI by deliberately allowing the reagent ions to leak into the mass analyzer 
during the SICI ion-molecule reaction time. The glow discharge plasma was pulsed off 
during the analytical ramp to decrease the instrumental noise in the mass spectrum. 
 Calibration curves for pGDI-SICI were constructed for the reaction of H3O+ with 
isoprene, methacrolein, and methyl vinyl ketone, and for the reaction of NO+ with isoprene 
and methacrolein. Detection limits were determined from these calibration curves and 
ranged from ~ 50 to 150 ppb. The detection limits presented in this chapter were likely an 
overestimate of the true SICI limit of detection due to air contaminating the sample of VOC 
headspace injected into the TedlarTM sampling bags. Any air present would falsely increase 
the diluted concentration of VOC in the sampling bag and ultimately result in a calculated 
detection limit higher than the true value. While the detection limits using SIFT-MS and PTR-
MS are generally in the single-digit ppb and low ppt range, respectively, the results 
presented in this chapter indicate that pGDI-SICI shows promise as an alternative to the 
SIFT-MS method.18, 57, 58 In terms of the method detection limit, future work using SICI 
should directly compare SICI-QITMS with the SIFT-MS method by analyzing a single VOC 
sample of known concentration with both instruments. The SICI method detection limits 
should be improved by developing a better method to generate NO+ reagent ions without 
O2+• contamination, and developing alternate proton transfer reagents such as protonated 
methanol.  
 
 
 
 
 
 
Chapter 5 
Methods to Distinguish Isomeric and Isobaric Volatile Organic 
Compounds using Selected-Ion Chemical Ionization 
 
5.1 Introduction 
 Chapter 4 detailed the generation of hydronium (H3O+), nitric oxide (NO+), and 
protonated acetone ([acetone + H]+) reagent ions using pulsed glow discharge ionization 
(pGDI). These three reagent ion species are used to ionize six volatile organic compounds 
(VOCs) using selected-ion chemical ionization (SICI); these results are presented in Chapter 
5. The six VOCs discussed in Chapter 5 are isoprene, cyclopentene, methyl vinyl ketone, 
methacrolein, 2-methylfuran, and cyclohexene. The chemical structures of these six VOCs 
are provided in Table 2.1.    
 As described in Chapter 1, the hydronium ion reagent is useful for ionizing VOCs due 
to water’s low proton affinity (691 kJ/mol). Proton-transfer ionization can occur when the 
proton affinity of the analyte VOC is greater than the proton affinity of the neutral reagent. 
The proton affinities of the six VOCs studied herein are listed in Table 5.1.59, 60 Of the six 
VOCs studied there are two pairs of isomeric VOCs and one pair of isobaric VOCs. Because 
all of the analytes studied have proton affinities greater than water, all the analytes should 
be ionized by hydronium reagent ions. 
 One of the limitations of using hydronium reagent ions for chemical ionization is that 
isomeric and isobaric VOCs are indistinguishable in the mass spectrum. This limitation was 
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Name 
Concentration
(ppb) 
Mr 
(Daltons)
Proton 
Affinity 
(kJ/mol) 
Ionization 
Energy 
(eV) 
is
om
er
s 
 
isoprene 
 
900 
 
68 
 
826.4 
 
8.86 
 
cyclopentene 
 
1900 
 
68 
 
766.3 
 
9.01 
is
om
er
s 
 
methyl vinyl 
ketone 
 
800 
 
70 
 
834.7 
 
9.65 
 
methacrolein 
 
900 
 
70 
 
808.7 
 
9.92 
is
ob
ar
s 
 
2-methylfuran 
 
900 
 
82 
 
865.9 
 
8.38 
 
cyclohexene 
 
1800 
 
82 
 
784.5 
 
8.95 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1: Concentrations, proton affinities, ionization energies, and 
relative molecular masses (Mr) of three isomeric or isobaric VOC pairs. 
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discussed in Chapter 1. One method to increase the selectivity of chemical ionization and 
potentially distinguish between VOC isomers and isobars is to use a reagent other than 
hydronium ions. The NO+ reagent has been used extensively in the selected-ion flow tube 
MS (SIFT-MS) literature, primarily due to its unique ionization pathways when reacted with 
different classes of VOCs.18 NO+ will ionize VOCs to form the molecular VOC ion (M+•) when 
the ionization energy of NO (9.26 eV) is greater than the ionization energy of the VOC. NO+ 
is known to ionize aldehydes, regardless of their ionization energies, by hydride abstraction 
to form the [M - H]+ ion. The ionization energies of the six VOCs studied herein are listed in 
Table 5.1; the ionization energies indicate that charge transfer ionization is expected for 
isoprene, cyclopentene, 2-methylfuran, and cyclohexene.19 Methacrolein is an aldehyde, so 
ionization by NO+ reagent ions should occur via hydride abstraction.18  
Another method to selectively ionize VOC isomers and isobars using proton-transfer 
chemical ionization is to choose a reagent with a proton affinity intermediate with the proton 
affinities of two VOC isomers or isobars. When the proton affinities of two isomers or isobars 
bracket the proton affinity of the reagent, only the VOC with a proton affinity greater than 
that of the reagent will be ionized by proton transfer ionization. Protonated acetone reagent 
ions are used for this purpose. Comparing the proton affinity of acetone (812 kJ/mol) with 
the proton affinities of the VOC analytes listed in Table 5.1 indicates that for each of the 
three isomeric or isobaric pairs, only one VOC has a proton affinity greater than that of the 
neutral reagent. Thus, only three of the six analytes should be ionized by the protonated 
acetone reagent.  
In addition to using protonated acetone reagent ions to selectively ionize VOCs, 
protonated dimethylether ions can be used. The generation of protonated dimethylether ions 
using constant glow discharge ionization (cGDI) of methanol was described in Chapter 3. 
Protonated dimethylether ions are formed during glow discharge ionization of methanol and 
subsequent ion-molecule reactions with neutral methanol.54 Dimethylether has a proton 
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affinity of 792 kJ/mol, indicating that it can be used to selectively ionize isoprene and          
2-methylfuran (Table 5.1). In this work, protonated dimethylether ions are used to study only 
one pair of VOCs, isobars 2-methylfuran and cyclohexene, to further demonstrate how SICI 
can be used to increase the selectivity of VOC ionization.  
 
5.2 Experimental Methods 
5.2.1 Hydronium, Nitric Oxide, and Protonated Acetone Reagents 
 The concentrations of the six VOCs studied herein are listed in Table 5.1; these 
concentrations of analytes were used for all analyses with hydronium, nitric oxide, and 
protonated acetone reagent ions unless otherwise noted. The VOCs were prepared 
according to the methods described in Chapter 2. Additionally, the methods using pGDI to 
generate hydronium, nitric oxide, and protonated acetone reagent ions were described in 
Chapter 4.  
5.2.2 Protonated Dimethylether Reagent 
 Protonated dimethylether ions were generated by pGDI of methanol headspace gas. 
The pressure of methanol in the glow discharge source was ~ 90 mTorr, which 
corresponded to a pressure of ~ 4 x 10-6 Torr in the mass analyzer region. The VOC/air 
mixture was introduced into the mass analyzer from a TedlarTM sampling bag so that the 
pressure in the mass analyzer was ~ 6 x 10-5  Torr. Helium was added so that the pressure 
of the bath gas in the mass analyzer was ~ 1 mTorr. After a 100 ms warm-up time, the glow 
discharge plasma was initiated for a 2 second pulse to generate the reagent ions. The 
resistance values used for the pGDI circuit described in Chapter 4 were 13 kΩ (zone 1), 610 
Ω (zone 2), 6.6 kΩ (zone 3), 570 Ω (length I), and 32 kΩ (length II). The protonated 
dimethylether reagent ions were isolated in the quadrupole ion trap and reacted with the 
VOCs for 1.2 seconds before spectrum acquisition. The two VOCs used for this study were 
2-methylfuran and cyclohexene. The concentrations of each of these VOCs were ~ 6 ppm. 
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No effort was made to detect lower concentrations of these VOCs; the results presented for 
the protonated dimethylether reagent are considered to be proof-of-principle and additional 
method development is required to detect sub-ppm concentrations of VOCs using the 
protonated dimethylether reagent. 
5.2.3 Data Analysis 
 The data analysis procedure for the results described in this chapter were discussed 
in Chapter 2. Almost all of the data presented in this chapter are listed in tabular form 
showing the integrated intensity of the analyte molecular and pseudomolecular ions. The 
generic label [M – 1]+ daltons is used to refer to both the [M – H]+ ions formed via hydride 
abstraction and fragment ions from the molecular ion having a mass one dalton less than 
that of the molecular ion. For ease in comparing the major ion species, the intensities have 
been converted into percent intensities relative to the most abundant analyte ion species. 
The original integrated ion intensities are listed in parentheses. 
 
5.3 Results and Discussion 
5.3.1 Hydronium Reagent 
As described in the introduction, the hydronium ion reagent is useful for ionizing 
VOCs due to water’s low proton affinity (691 kJ/mol). Because all of the analytes studied 
herein have proton affinities greater than water, all the analytes were ionized by the 
hydronium reagent via proton-transfer ionization. The results from ionizing the six VOC 
analytes are listed in Table 5.2. In all cases the protonated molecule, [M + H]+, was the most 
abundant species. Additional minor (≤ 5%) signal was observed for the molecular ion (M+•) 
and the ion at [M – 1]+ daltons. These ions likely originate from O2+• ionizing the analytes  
before the O2+• ions were ejected from the quadrupole ion trap. As described in Chapters 3 
and 4, O2+• ions are formed when H2O+• ions enter the quadrupole ion trap and ionize 
oxygen molecules via charge-transfer ionization. O2+• ions are continually ejected from the
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Analyte VOC (M) Mr [M + H]+ M+• [M – 1]+
isoprene 68 100% 
(3997) 
1% (43) 2% (66) 
cyclopentene 68 100% 
(3448) 
5% (179) ----- 
methyl vinyl 
ketone 
70 100% 
(3000) 
----- ----- 
methacrolein 70 100% 
(2754) 
----- 4% (116)
2-methylfuran 82 100% 
(2819) 
----- 2% (56) 
cyclohexene 82 100% 
(1139) 
----- ----- 
 
 
 
 
 
 
 
 
Table 5.2: Results from six VOCs ionized by hydronium reagent ions.
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 quadrupole ion trap to prevent them from ionizing the VOCs. The possibility of O2+• 
contaminating the hydronium reagent ions was mentioned in Chapters 3 and 4; the results 
presented in Table 5.2 indicate that the contamination is minor because of the high signal 
intensity of the analytes achieved via proton-transfer ionization. 
5.3.2 Nitric Oxide Ion Reagent 
 The results from the NO+ reagent ionizing six VOC analytes are listed in Table 5.3. 
The major ion species present for isoprene, cyclopentene, 2-methylfuran, and cyclohexene, 
is the molecular ion (M+•). As discussed in Chapter 5.1, the formation of the molecular ion 
was expected because each of these analytes has an ionization energy less than that of 
nitric oxide. Unexpectedly spectra from both of the cyclic VOCs, cyclopentene and 
cyclohexene, have ion intensity at one mass unit less than the molecular ion (at [M – 1]+ 
daltons). These ions are likely fragment ions from the molecular ion. A similar circumstance 
was described in Chapter 3 when isoprene was ionized by O2+• ions. However, in this case 
ionization by NO+ reagent ions is energetically sufficient to fragment the VOC molecular 
ions. The absence of [M – 1]+ ions in isoprene’s results confirms that O2+• ions are not 
present or the extent of O2+• contamination is small.  
The low (≤ 8%) ion intensity observed at one mass unit higher than the M+• peaks is 
due to M+• ions containing a 13C atom. The abundance of 13C is 1.1% compared with the 
abundance of the 12C isotope. Isoprene and cyclopentene each have five carbon atoms, so 
5.5% of the molecular ion intensity is expected at (M + 1) daltons. According to Table 5.3, 
isoprene’s molecular ion 13C peak is 8% of the molecular ion intensity and cyclopentene’s 
peak is 5% of the molecular ion intensity. Additionally, a 5% ion intensity is expected for the 
13C peak of 2-methylfuran’s M+• ions; a 4% ion intensity is observed. 
The ionization energies of cyclopentene and cyclohexene are greater than the 
ionization energies of isoprene and 2-methylfuran, respectively. However, both isoprene and 
2-methyfuran do not fragment, even though the ionization of these molecules should 
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Analyte VOC 
(M) 
Mr 13C M+• M+• or  
13C [M – H]+ 
[M – 1]+ Adduct(s) 
isoprene 68 8% (306) 100% 
(3736) 
----- ----- 
cyclopentene 68 5% (177) 100% 
(3271) 
64% 
(2102) 
----- 
methyl vinyl 
ketone 
70 ----- ----- ----- m/z 100 
(80) 
m/z 99 
(70) 
methacrolein 70 ----- 4%  
(51) 
100% 
(1323) 
m/z 99 
9% (120) 
2-methylfuran 82 4% (124) 100% 
(3021) 
----- ----- 
cyclohexene 82 ----- 100% 
(1259) 
30% 
(382) 
----- 
 
 
 
 
 
 
 
 
Table 5.3: Results from the reactions of six VOCs (M) with NO+ reagent 
ions.  
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increase their internal energies to a greater extent than when cyclopentene and 
cyclohexene are ionized. These results indicate that the energy required to fragment the 
cyclic alkenes is lower than the energy required to fragment isoprene and 2-methylfuran. 
The fragmentation of cyclopentene and cyclohexene can be used to distinguish these VOCs 
from a mixture with isoprene and 2-methylfuran, respectively. 
 The ionization energies of methyl vinyl ketone and methacrolein are greater than the 
ionization energy of nitric oxide. Therefore, charge-transfer ionization is not 
thermodynamically favorable. However, as discussed in Chapter 5.1, methacrolein can be 
ionized by NO+ reagent ions via hydride abstraction. As expected, methacrolein’s most 
abundant ion intensity was at m/z 69, due to [M – H]+ ions. Methyl vinyl ketone was not 
ionized to form molecular or hydride abstraction ions, indicating that NO+ reagent ions can 
be used to selectively ionize methacrolein to form [M – H]+ ions. Minor signal was present for 
methyl vinyl ketone at m/z 100 and m/z 99. The signal at m/z 100 is likely due to the [M + 
NO]+ adduct. Adduct formation is commonly observed in SIFT-MS results when methyl vinyl 
ketone is reacted with NO+ reagent ions.47 It is more difficult to explain the signal observed 
at m/z 99 present for both methacrolein and methyl vinyl ketone. While this mass 
corresponds to the association of a neutral nitric oxide molecule with the hydride abstraction 
ion, no hydride abstraction ions of methyl vinyl ketone were formed. Furthermore, the 
concentration of neutral nitric oxide in the quadrupole ion trap is not likely to be high enough 
for an association reaction to occur even with the [M – H]+ ions formed from methacrolein. 
The identity of the ions at m/z 99 is not known at this time, though the low signal intensity 
indicates the possibility that an aldehyde with a relative molecular mass (Mr) of 100 daltons, 
such as hexanal, is a TedlarTM bag contaminant. Ionization of an aldehyde with Mr 100 
daltons would form hydride abstraction ions at m/z 99. The 4% ion intensity observed at one 
dalton higher than methacrolein’s [M – H]+ peak is due to 13C-containing [M – H]+ ions.   
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5.3.3 Protonated Acetone Reagent 
Protonated acetone was reacted with each of the six VOCs listed in Table 5.1. As 
discussed in Chapter 5.1, protonated acetone should ionize a single VOC in each of the 
three isomeric or isobaric pairs of VOCs studied. As expected, the reagent protonated 
isoprene, methyl vinyl ketone, and 2-methylfuran. No ionization of cyclopentene, 
methacrolein, or cyclohexene was observed. These results are listed in Table 5.4. The 
selective ionization of VOCs with proton affinities greater than acetone makes the 
protonated acetone reagent useful for distinguishing isomeric and isobaric VOCs having 
proton affinities that bracket the proton affinity of acetone. 
 Of all the VOCs ionized by protonated acetone reagent ions, only methyl vinyl ketone 
formed adduct ions with acetone. Adduct ions were formed from the association of neutral 
acetone with protonated methyl vinyl ketone. In a separate experiment, ~ 2 ppm of methyl 
vinyl ketone was ionized by the protonated acetone reagent. After the ion-molecule reaction 
time, the protonated methyl vinyl ketone ions were isolated in the quadrupole ion trap. A 
second reaction time was provided before spectrum acquisition. During this second reaction 
time, protonated methyl vinyl ketone ions associated with neutral acetone molecules present 
in the ion trap. These results are presented in Figure 5.1.  
Collision-induced dissociation (CID) was used to dissociate the adduct ions formed 
when ~ 2 ppm methyl vinyl ketone reacted with protonated acetone for 6 seconds. CID was 
performed with the adduct at a qz of 0.25 and the amplitude of the resonance excitation 
voltage was 110 mVp-p. The spectrum is presented in Figure 5.2. Dissociation of the  
[M + H + acetone]+ peak mainly regenerated protonated methyl vinyl ketone because the 
proton affinity of methyl vinyl ketone is greater than that of acetone. A small peak at m/z 111  
is present due to the dehydration of the adduct. The association reaction is not observed for 
methacrolein because methacrolein is not protonated by acetone. 
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Analyte VOC Mr [M + H]+ [M + H + C3H6O]+
isoprene 68 100% (2562) ----- 
cyclopentene 68 ----- ----- 
methyl vinyl 
ketone 
70 100% (2187) 38% (830) 
methacrolein 70 ----- ----- 
2-methylfuran 82 100% (3643) ----- 
cyclohexene 82 ----- ----- 
 
Table 5.4: Results from the reactions of six VOCs (M) with protonated 
acetone reagent ions. 
 
 
 
 
 
 
 
 
 
 
Figure 5.1: Association of neutral acetone with protonated methyl vinyl 
ketone (M) over time, forming [M + H + acetone]+.  
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5.3.4 Protonated Dimethylether Reagent 
 Protonated dimethylether reagent ions were reacted with 2-methylfuran and 
cyclohexene. The proton affinity of dimethylether is 792 kJ/mol, indicating that it should only 
ionize 2-methylfuran via proton transfer ionization. The results are presented in Table 5.5. 
As expected, only 2-methylfuran was ionized.  
 
5.4 Summary and Conclusions 
 Three isomeric or isobaric pairs of VOCs were reacted with three different reagent 
ion species: hydronium ions, nitric oxide ions, and protonated acetone ions. Additionally, the 
isobaric pair 2-methylfuran and cyclohexene were reacted with protonated dimethylether 
reagent ions. The goal of this work was to show the selectivity that SICI offers through the 
use of different ionizing reagents. Specifically, the reagents were chosen so that isomeric 
and isobaric VOCs could be distinguished. 
 In the case of isoprene and cyclopentene, hydronium reagent ions ionized both 
isomers via proton transfer. The nitric oxide reagent ionized both VOCs by charge-transfer 
ionization; however, the ionization of cyclopentene produced fragment ions at [M – 1]+ 
daltons. The fragment ions at [M – 1]+ daltons can be used to identify cyclopentene in a 
mixture of these two isomers. Protonated acetone reagent ions selectively ionized isoprene 
by proton transfer ionization; this ionization can be used to identify isoprene in a mixture of 
the two isomers. 
 Isomeric methyl vinyl ketone and methacrolein were both ionized by hydronium 
reagent ions. When nitric oxide reagent ions were used, only methacrolein was significantly 
ionized: hydride abstraction ions were formed because methacrolein is an aldehyde. 
Protonated acetone reagent ions selectively ionized methyl vinyl ketone. Selective 
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Figure 5.2: Collision-induced dissociation of the protonated methyl vinyl 
ketone adduct, [M + H + acetone]+.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.5: Selective ionization of 2-methylfuran using protonated 
dimethylether reagent ions. 
 
Analyte VOC Mr [M + H]+ 
2-methylfuran 82 100% (5096) 
cyclohexene 82 ----- 
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ionization by protonated acetone is a complementary ionization method with ionization by 
NO+: the NO+ reagent selects for the aldehyde while protonated acetone selects for the 
ketone.     
 Finally, isobaric 2-methylfuran and cyclohexene were ionized by hydronium reagent 
ions. Similar to isoprene and cyclopentene, the isobars were both ionized when nitric oxide 
reagent ions were used. However, cyclopentene fragmented upon ionization by NO+ to form 
ions at (M – 1)+ daltons which can be used to identify the cyclic alkene. The isobar  
2-methylfuran was selectively ionized using protonated acetone reagent ions or protonated 
dimethylether reagent ions.  
 These results indicate that selected-ion chemical ionization in a quadrupole ion trap 
is useful for distinguishing isomers and isobars. While the experiments described in this 
chapter were focused on distinguishing between only two isomers or isobars, the results 
show the potential for isomeric and isobaric VOCs in more complex mixtures to be 
distinguished using a wide variety of reagent ion species. With the use of more varied 
reagents, the individual components in mixtures of VOCs, like those mixtures present in the 
atmospheric environment, could be distinguished and perhaps even identified.   
 
 
 
 
 
Chapter 6 
Methods to Distinguish Isomeric and Isobaric Volatile Organic 
Compounds using Dissociation Techniques 
 
6.1 Introduction 
 Results described in Chapter 5 showed how three isomeric or isobaric pairs of VOC 
analytes were studied using three selected-ion chemical ionization reagents: H3O+, NO+, and 
[acetone + H]+. While H3O+ ionized all six analytes, NO+ ionized VOC analytes via charge 
transfer ionization when the ionization energy of the VOC was less than that of the neutral 
reagent. NO+ also selectively ionized methacrolein, an aldehyde, to form [M – H]+ ions. The 
protonated acetone reagent ionized those VOCs with proton affinities greater than that of 
neutral acetone.  
 The selective ionization experiments described in Chapter 5 demonstrated one 
method that can distinguish between different isomers and isobars. Chapter 6 presents an 
alternate method to potentially distinguish between VOC isomers and isobars: dissociation 
of VOC ions. When dissociation of each isomeric or isobaric VOC produces product ions 
having different mass-to-charge ratios, the presence of these unique product ions can be 
used to distinguish their isomeric or isobaric parent ions. The two different dissociation 
methods used in this chapter are collision-induced dissociation (CID) and infrared 
multiphoton photodissociation (IRMPD). Dissociation pathways are proposed and the 
differences in dissociation between the two methods are discussed. As described in Chapter 
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1, IRMPD typically produces product ions with more varied mass-to-charge ratios as 
compared to the CID product ions formed. In IRMPD, both parent ions and product ions 
interact with photons from the infrared laser so product ions may undergo additional 
dissociation. In CID, only the parent ions are dissociated and parent-product geneology is 
preserved.  
 
6.2 Experimental Methods 
 Most of the CID experiments described in Chapter 6 were performed after the VOCs 
were ionized using hydronium or nitric oxide reagent ions. Thus, the experimental details for 
the preparation of the analytes can be found in Chapter 5. The parent ions were isolated 
and dissociated using CID or IRMPD as described in Chapters 1 and 2. Typically CID was 
performed with the parent ions having a qz value of 0.25. The qz of the parent ions was 
usually increased for dissociations using IRMPD.  
The concentrations of the VOCs analyzed using CID ranged from 0.9 to 1.9 ppm. 
When necessary, additional CID and IRMPD experiments were performed using relatively 
high concentrations of VOC analyte (~ 2 - 10 ppm), usually to decrease the time required for 
spectra acquisition. Most of the CID and IRMPD results in this chapter are presented in 
tabular form showing the abundances of the isolated parent ion and any product ions formed 
from the dissociation experiment. The intensities of the product ions were converted into 
percentages relative to the intensity of the isolated parent ion prior to dissociation. The 
isolated parent ion intensity is therefore considered to be 100%; the actual intensity of the 
isolated parent ions is provided in parentheses.  
In most cases, the sum of the product ion intensities is less than the isolated parent 
ion intensity. Performing CID may result in parent ions being ejected from the quadrupole 
ion trap before they are dissociated; this resonance ejection process was discussed in 
Chapter 1. Alternately, if CID or IRMPD produces product ions below the low mass cutoff 
105 
 
(LMCO) then these product ions are not detected and the total intensity of the product ions 
is less than the original intensity of the isolated parent ion.  
 
6.3 Results using Hydronium and D3O+ Reagents 
6.3.1 Isoprene and Cyclopentene: C5H8 Isomers 
 Isoprene and cyclopentene were ionized using hydronium reagent ions. The 
protonated analytes were then dissociated using CID. The CID product ions of both isoprene 
and cyclopentene using a 90 mVp-p excitation voltage for ion activation are shown in Table 
6.1. CID was performed so that the parent ions had a qz value of 0.25. Both isomers 
dissociated to common products at m/z 67 and m/z 41, though the ion signal at m/z 41 was 
significantly larger than the signal at m/z 67. In a separate experiment, protonated isoprene 
(~ 800 ppb) and cyclopentene (~ 1 ppm) were dissociated using IRMPD at three different 
irradiation times: 20, 50, and 100 ms. IRMPD was performed so that the parent ions had a 
qz of  0.33. The IRMPD results are presented in Table 6.2. The most notable difference 
between the CID and IRMPD spectra is that the IRMPD spectra show additional dissociation 
of m/z 67 to m/z 65 via the loss of H2. The dissociation pathway for the C5H8 isomers is 
shown in Scheme 6.1.  
 Considering the IRMPD results listed in Table 5.2, both isomers show similar 
dissociation trends. In general, longer irradiation times dissociated the parent ion to a 
greater extent and dissociated the m/z 67 product ions to m/z 65 product ions. The 
intensities of the m/z 41 product ions remained essentially constant across the three 
irradiation times for isoprene, while the intensity of cyclopentene’s m/z 41 product ions were 
between ~30% and ~50% of the parent ion intensity. While it is useful to know the mass-to-
charge ratios of the product ions for the dissociation of protonated isoprene and 
cyclopentene, it would be difficult to distinguish these isomers in a mixture using dissociation 
methods alone.  
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Table 6.1: Dissociation of protonated isoprene and cyclopentene using 
CID. 
 
 
Table 6.2: Dissociation of protonated isoprene and cyclopentene using 
IRMPD. 
 
 
 
 
 
 
 
 
 
 
Scheme 6.1: Dissociation pathway of protonated isoprene and 
cyclohexene.  
 Parent Ion 
Intensity (counts)
Product Ion 
Intensity  
isoprene [M + H]+ : 100% 
(4576) 
m/z 41: 60% 
m/z 67: 9% 
cyclopentene [M + H]+ : 100% 
(2523) 
m/z 41: 80%  
m/z 67: 6% 
 IRMPD 
Time 
(ms) 
Parent 
Intensity 
% 
(counts) 
m/z 69 
%Parent
m/z 67 
%Parent
m/z 65 
%Parent 
m/z 41 
%Parent
is
op
re
ne
 
20 100% 
(3551) 
15 32 3 47 
50 100% 
(3468) 
0 13 19 46 
100 100% 
(3477) 
15 35 2 46 
cy
cl
op
en
te
ne
 20 100% 
(4194) 
28 28 0 28 
50 100% 
(4006) 
1 27 2 46 
100 100% 
(3938) 
0 15 20 38 
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6.3.2 Methyl Vinyl Ketone and Methacrolein: C4H6O Isomers 
The CID product ions of protonated methyl vinyl ketone and methacrolein are 
presented in Table 6.3 for a 90 mVp-p activation voltage. Dissociation produced a common 
product ion at m/z 43 while methacrolein had a diagnostic product ion at m/z 41. In a 
previous study, CID (MS2) was performed on methyl vinyl ketone and methacrolein for proof-
of-principle experiments using a PTR-ITMS instrument where a proton-transfer drift tube 
was interfaced with a quadrupole ion trap.32 The authors suggested dissociation pathways 
for methyl vinyl ketone and methacrolein which are shown in Scheme 6.2 along with the 
proposed parent and product ion structures.  
 While the parent ions are isomeric, methyl vinyl ketone and methacrolein’s product 
ions are isobaric. The proposed dissociation pathway (Scheme 6.2) shows that protonated 
methyl vinyl ketone loses ethene to form the acetyl cation while methacrolein loses carbon 
monoxide to form the isopropyl cation. Methacrolein’s isopropyl product ion can then further 
dissociate to form ions at m/z 41. (See Chapter 7.5.2 for a discussion of the structure of 
these m/z 41 ions.) To confirm the dissociation pathways for methacrolein and methyl vinyl 
ketone, an MS3 study was performed to dissociate the m/z 43 product ions. After CID of the 
protonated molecules, a second supplemental frequency was applied to the endcap 
electrodes to further dissociate the m/z 43 product ions. The results of this MS3 experiment 
are presented in Table 6.4. Methacrolein’s m/z 41 (MS3) product ions were also dissociated 
in the same manner; the result of this MS4 experiment is also presented in Table 6.4. 
 Considering the results of the MS3 and MS4 experiments shown in Table 6.4, it is 
clear that methacrolein’s m/z 43 product ions dissociate via consecutive losses of H2. This 
dissociation pathway is presented in Scheme 6.3. Methyl vinyl ketone’s results in Table 6.4 
show that when the acetyl product ions are activated for CID (MS3), ~80% of the m/z 43 
intensity is lost. Acetyl cations typically dissociate to form CH3+ (m/z 15) ions by the loss of 
carbon monoxide.61 The CH3+ ions, if formed, would not be trapped because the low mass
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Table 6.3: Dissociation of protonated methyl vinyl ketone and 
methacrolein using CID. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.2: Dissociation pathway of protonated isomers (a) methyl 
vinyl ketone and (b) methacrolein.  
 
 
 Parent Ion 
Intensity 
(counts) 
Product Ion 
Intensity  
 
methyl vinyl ketone [M + H]+ : 100% 
(2581)  
m/z 43: 67%  
methacrolein [M + H]+ : 100% 
(2000)  
m/z 41: 3%  
m/z 43: 69%  
a) 
b) 
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Table 6.4: MS3 and MS4 results from the dissociation of protonated 
methyl vinyl ketone and methacrolein’s m/z 43 product ions using CID 
voltages of 90 mVp-p.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scheme 6.3: MS3 and MS4 dissociation pathways for methacrolein. 
 
 
 
Protonated 
VOC ↓ 
MS3 MS4 
 
Parent Ion 
Intensity  
(counts) 
 
Product Ion 
Intensity  
 
Parent Ion 
Intensity 
(counts) 
 
Product Ion 
Intensity  
methyl vinyl 
ketone 
m/z 43: 
100% (1934)
m/z 43: 9% 
m/z 41: 11%
  
methacrolein m/z 43: 
100% (1401)
(m/z 41 (71))
m/z 41: 
100% 
 
m/z 41: 
100% 
(1218) 
m/z 39: 
92%  
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 cutoff (LMCO) for CID was set at 19.5 daltons for the consecutive MSn experiments. 
However, another experiment was performed where the LMCO was decreased to 10 daltons 
and no CH3+ ions were observed. While this LMCO would theoretically allow the CH3+ 
product ions to be trapped, the results described in Chapter 4 using an air/helium bath gas 
mixture suggest that ions with very low masses are not efficiently trapped. The presence of 
a small peak at m/z 41 in the MS3 spectrum of methyl vinyl ketone is surprising. This peak at 
m/z 41 indicates that either the methyl vinyl ketone sample was contaminated by another 
isobar or C4H6O isomer, such as methacrolein, or that protonated methyl vinyl ketone was 
isomerizing to another C4H6O isomer prior to MS2 dissociation.  
 To further study the dissociation of protonated methacrolein and methyl vinyl ketone 
and to gain more insight into the unexpected methyl vinyl ketone product ion discussed 
above, D3O+ reagent ions were used to ionize the VOC isomers, forming [M + D]+ ions. The 
[M + D]+ isomers (m/z 72) were dissociated using CID (see Figure 6.1). A 70 mVp-p activation 
voltage was used and the parent ions had a qz of 0.32. CID of deuterated methacrolein 
(Figure 6.1(a)) produced an intense product ion at m/z 44: the deuterium was retained in the 
product ion because carbon monoxide was lost as the neutral. A small peak at m/z 42 
indicated that the deuterium was retained in the product ion even after the m/z 44 ions 
dissociated further. The ion at m/z 45 is the result of gas-phase H/D exchange which will be 
discussed in Chapter 7.5.2. CID of deuterated methyl vinyl ketone (Figure 6.1(b)) produced 
product ions at m/z 43, indicating that the deuterium was lost during MS2 in the neutral 
ethene. The peak at m/z 44 lends additional evidence for contamination by another isobar or 
C4H6O isomer (such as methacrolein) or isomerization of deuterated methyl vinyl ketone 
prior to dissociation.   
 Protonated methacrolein and methyl vinyl ketone were dissociated using IRMPD and 
the results are listed in Table 6.5. A 50 ms irradiation time was used and the parent ions had 
a qz value of 0.32. What is surprising about the IRMPD results is that protonated 
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Figure 6.1: CID of deuterated (a) methacrolein and (b) methyl vinyl 
ketone. 
  
a) 
b) 
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Table 6.5: IRMPD (50 ms) of protonated methyl vinyl ketone and 
methacrolein. 
 Parent Ion 
Intensity 
(counts) 
Product Ion 
Intensity 
methyl vinyl 
ketone 
[M + H]+ : 100%
(15290) 
m/z 51: 1% 
m/z 43: 62% 
m/z 41: 5% 
m/z 39: 0.3% 
methacrolein [M + H]+ : 100% 
(14023) 
m/z 71: 86% 
m/z 43: 2% 
m/z 41: 4% 
m/z 39: 0.4% 
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methacrolein showed little dissociation, even with irradiation times up to ~ 200 ms. As 
expected, protonated methyl vinyl ketone showed a product ion at m/z 43 with additional 
peaks at m/z 51, m/z 41 and m/z 39. The low intensity peak at m/z 51 is likely due to 
dehydration of protonated methyl vinyl ketone followed by the loss of H2. The high 
concentration of VOC analyte used for this experiment (~ 10 ppm) allowed for minor 
dissociation products, like the dehydration product, to be observed. Performing CID of ~ 10 
ppm of protonated methyl vinyl ketone produces a low intensity peak at m/z 53 from 
dehydration. 
The dissociation of protonated methyl vinyl ketone via IRMPD to form product ions at 
m/z 41 and m/z 39 still suggests that the protonated VOC was either isomerizing in the 
quadrupole ion trap or was initially contaminated by another isobar or C4H6O isomer. 
However, the fact that protonated methacrolein did not dissociate more than ~ 6% when 
exposed to the same IR irradiation as methyl vinyl ketone suggests methacrolein is unlikely 
to be the C4H6O isomer contaminant. Crotonaldehyde (Figure 6.2), a C4H6O isomer that has 
not yet been discussed in this work, was protonated using H3O+ reagent ions then subjected 
to CID and IRMPD to determine the dissociation products of this isomer. Both CID and 
IRMPD were performed with the parent ions having a qz of 0.32. A 50 ms irradiation time 
was used for IRMPD and a 75 mVp-p activation voltage was used for CID. The CID and 
IRMPD results are presented in Table 6.6. CID of crotonaldehyde followed the same 
dissociation pattern as methacrolein: ethene is initially lost to form isopropyl ions at m/z 43, 
which sequentially lose H2 molecules to form ions at m/z 41 and propargyl ions at m/z 39. 
This dissociation pathway (Scheme 6.4) was confirmed by MS3 and MS4 studies using CID. 
The dehydration product of protonated crotonaldehyde was also observed, though with 
minor intensity in the mass spectrum. 
IRMPD of protonated crotonaldehyde produced product ions at m/z 41 and m/z 39. 
The contamination seen in the IRMPD spectrum of protonated methyl vinyl ketone may be 
114 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.2: Structure of crotonaldehyde. 
 
 
 
 
 
 
Table 6.6: CID and IRMPD (50 ms irradiation time) of protonated 
crotonaldehyde.  
 
 
 
 
 
Scheme 6.4: Major dissociation pathway of protonated crotonaldehyde. 
  
 Parent Ion Intensity 
(counts) 
Product Ion Intensity 
(counts) 
CID [M + H]+ (20599) m/z 53 (286) 
m/z 43 (12332) 
m/z 41 (2200) 
m/z 39 (51) 
IRMPD [M + H]+ (15825) m/z 51 (67) 
m/z 43 (78) 
m/z 41 (9713) 
m/z 39 (2066) 
O
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due to crotonaldehyde, though it is not clear if crotonaldehyde is contaminating the liquid 
solution of methyl vinyl ketone, or if protonated methyl vinyl ketone is isomerizing to form 
protonated crotonaldehyde in the QITMS. A brief trapping experiment was performed to try 
to induce isomerization of methyl vinyl ketone by exposing the protonated molecules to low 
levels of IR irradiation. These experiments were inconclusive as methyl vinyl ketone easily 
dissociated even when exposed to a low laser power or a short irradiation time. A better 
experiment would be to test the methyl vinyl ketone solution for contamination using NMR 
and/or purify the solution before introducing the VOC into a sampling bag and ultimately into 
the QITMS. 
The 13C peak of protonated methyl vinyl ketone was also dissociated using CID and 
IRMPD to gain further insight into the possibility of crotonaldehyde contamination. The 
abundance of the 13C isotope is only 1.1% compared to the common 12C isotope, so a high 
concentration (~ 10 ppm) of analyte was used in addition to a long ion-molecule reaction 
time (6 sec) to produce sufficient peak intensities for dissociation. CID was performed using 
a 70 mVp-p activation voltage and the parent ions had a qz value of 0.32. 
When the 13C peak of protonated methyl vinyl ketone was dissociated using CID, a 
1:1 ratio of m/z 43 to m/z 44 product ions was expected. There are four carbon atoms in 
protonated methyl vinyl ketone and only one carbon atom per ion is a 13C atom. So, when 
protonated methyl vinyl ketone loses neutral ethene (C2H4), there is a 50% chance that the 
13C atom is lost in the neutral and a 50% chance that the atom in retained in the product ion. 
In contrast, when dissociating the 13C peak of protonated methacrolein and crotonaldehyde 
using CID, a 1:3 ratio of m/z 43 to m/z 44 was expected due to the loss of a single carbon 
atom in the neutral (carbon monoxide) while three carbon atoms are retained in the product 
ion. CID of the 13C peak of protonated methyl vinyl ketone produced a product ion ratio (m/z 
43:44) of 1:1.25. The increase in m/z 44 intensity above 1 confirmed that an aldehyde 
isomer was contaminating the product ions. IRMPD of the 13C peak of protonated methyl 
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vinyl ketone produced a product ion ratio (m/z 43:44) of 1:1 because the aldehyde 
contamination was further dissociated to form m/z 39 and m/z 40 ions.  
The IRMPD results are summarized in Figure 6.3. The protonated isomers methyl 
vinyl ketone, methacrolein, and crotonaldehyde were irradiated for 50 ms; the parent ions 
had a qz value of 0.32.  At the 50 ms irradiation time, all three isomers were able to be 
distinguished: protonated methacrolein remained essentially undissociated, protonated 
methy vinyl ketone dissociated primarily to m/z 43, and crotonaldehyde dissociated to the 
greatest extent to form product ions at m/z 41 and m/z 39.  
Minor contamination (or isomerization) of methacrolein is also possible. It is not 
known if the small peaks at m/z 43 and m/z 41 in the IRMPD spectrum of protonated 
methacrolein are due to minor dissociation of methacrolein or due to contamination by 
crotonaldehyde or another isobar or C4H6O isomer. Unfortunately the selective ionization 
methods described in Chapter 5 cannot be used to separate crotonaldehyde from either 
methacrolein or methyl vinyl ketone: as an aldehyde, crotonaldehyde forms [M – H]+ ions 
when reacted with NO+ reagent ions and crotonaldehyde’s proton affinity (825.1 kJ/mol) is 
high enough that the molecule is ionized by the protonated acetone reagent.62 IRMPD of the 
three C4H6O isomers is the only method described in this dissertation to distinguish these 
isomers.  
6.3.3 2-Methylfuran and Cyclohexene: C5H6O and C6H10 Isobars 
 Results from CID of protonated 2-methylfuran and cyclohexene using a 100 mVp-p 
activation voltage are presented in Table 6.7; the parent ions had a qz value of 0.25. Both 
isobars dissociated to product ions at m/z 55 corresponding to a neutral loss of 28 daltons. 
As cyclohexene is a hydrocarbon, the initial (MS2) loss of 28 daltons must be due to the loss 
of ethene. In the case of 2-methylfuran, the loss of 28 could be due to the loss of ethene or 
the loss of carbon monoxide.   
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Figure 6.3: IRMPD (50 ms irradiation time) of three protonated isomers: 
methacrolein (black), methyl vinyl ketone (red), and crotonaldehyde 
(green). 
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To explore the dissociation pathway of 2-methylfuran and compare it with the 
dissociation of cyclohexene, the VOCs were deuterated using D3O+ reagent ions in a 
separate experiment. The results of CID of the deuterated molecules, using a 120 mVp-p 
activation voltage, are presented in Table 6.8. The parent ions had a qz value of 0.25. 
Deuterated 2-methyfuran dissociated almost completely via the loss of carbon monoxide as 
evidenced by the abundant product ions at m/z 56. The low intensity product ion at m/z 55 
represents only 1% of the original parent ion intensity and could be due to cyclohexene 
contamination or the loss of ethene through a minor dissociation pathway. Deuterated 
cyclohexene dissociated to product ions at m/z 55 and m/z 56 via the loss of C2HD and 
C2H4, respectively. A 4:7 ratio of un-deuterated to deuterated products was expected as 
there are 10 hydrogens and one deuterium in the parent ion. The experimental ratio of the 
intensities of m/z 55 to m/z 56 is about 1:2, confirming the expected ratio.  
Because protonated 2-methylfuran dissociated via the loss of carbon monoxide and 
protonated cyclohexene dissociated via the loss of ethene, the m/z 55 product ions are 
probably identical. Dissociating the m/z 55 isomeric product ions of protonated 2-
methylfuran and cyclohexene should give similar spectra. The MS3 CID results from 
protonated 2-methylfuran and cyclohexene are shown in Table 6.7. The product ion 
intensities were low for these dissociations, indicating that either m/z 55 ions were ejected 
from the quadrupole ion trap before they could be dissociated, or product ions were formed 
below the low mass cutoff. The protonated isobars were also dissociated using IRMPD with 
the hope that more diverse product ion masses would be acheived. These IRMPD results 
are presented in Table 6.9. The laser irradiation time was 30 ms and the protonated parent 
ion had a qz of 0.27. The isomeric m/z 55 product ions dissociated to m/z 39 ions via the 
loss of methane or dissociated to m/z 53 and m/z 51 ions by consecutive losses of H2. The 
only distinguishing feature of the IRMPD spectra is that the dehydration of protonated 2-  
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Table 6.7: Dissociation of protonated isobars 2-methyfuran and 
cyclohexene by CID.  
 
 
 
 
 
 
 
 
 
Table 6.8: Dissociation of the [M + D]+ ions of isobaric 2-methyfuran and 
cyclohexene by CID.   
 
 
 
 
 
 
 
 
 
 
 
Table 6.9: Dissociation of protonated isobars 2-methyfuran and 
cyclohexene by IRMPD.  
 
 
 
Protonated 
VOC ↓ 
MS2 MS3 
 
Parent Ion 
Intensity 
(counts) 
 
Product Ion 
Intensity  
 
Parent Ion 
Intensity 
(counts) 
 
Product Ion 
Intensity  
2-
methylfuran 
m/z 83: 
100% 
(2537) 
m/z 55: 75% m/z 55: 
100% 
(1932) 
m/z 53: 
10% 
m/z 39: 8% 
m/z 19: 
12% 
cyclohexene m/z 83: 
100% 
(1099) 
m/z 55: 90% m/z 55: 
100% 
(1000) 
m/z 53: 6% 
m/z 39: 8% 
m/z 19: 6% 
Deuterated VOC ↓ Parent Ion Intensity 
(counts) 
Product Ion 
Intensity (counts) 
2-methylfuran [M + D]+ (5963)  m/z 55 (73) 
m/z 56 (3813) 
cyclohexene [M + D]+ (4027) m/z 55 (1134) 
m/z 56 (2014) 
 2-methylfuran cyclohexene
IRMPD Time (ms) 30 30 
Parent Intensity % 
(counts) 
100 (5862) 100 (6238) 
m/z 83 (%) 11 22 
m/z 65 (%) 1 0 
m/z 55 (%) 10 19 
m/z 53 (%) 9 12 
m/z 51 (%) 14 10 
m/z 39 (%) 16 16 
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methylfuran produced a unique product ion at m/z 65 from dehydration; however, the 
intensity of m/z 65 is only 1% of the parent ion intensity. 
 
6.3 Results using Nitric Oxide Reagent Ions 
6.3.1 Isoprene and Cyclopentene: C5H8 Isomers 
As described in Chapter 5, NO+ was used to ionize isoprene and cyclopentene. 
Isoprene formed M+• ions (m/z 68) while cyclopentene formed M+• (m/z 68) and C5H7+ ions 
(m/z 67). The molecular ions of isoprene and cyclopentene were dissociated using CID. The 
molecular ion of both isomers dissociated to form C5H7+ ions. Isoprene’s C5H7+ product ions 
were also dissociated using CID (MS3), and these results were compared to the dissociation 
of cyclopentene’s C5H7+ ions (MS2). These CID results are presented in Table 6.10 and are 
very similar to the results for the dissociation of protonated isoprene and cyclopentene: the 
C5H7+ ions at m/z 67 dissociated further to form products at m/z 65 (loss of H2) and m/z 41 
(loss of C2H2).  
 IRMPD of isoprene and cyclopentene’s molecular ions produced similar spectra 
(Table 6.11). The molecular ion of cyclopentene did not dissociate as readily as the 
molecular ion of isoprene when exposed to short laser irradiation times. However, as the 
irradiation time was increased to 200 ms, the product ion spectra are virtually 
indistinguishable. At a 200 ms irradiation time, the increase in ion internal energy may be 
enough so that the isomeric product ions assume identical structures. 
6.4.2 Methacrolein and Crotonaldehyde: C4H6O Isomers 
 In Chapter 5, methacrolein and methyl vinyl ketone were reacted with NO+ reagent 
ions. Methyl vinyl ketone was not ionized, but methacrolein formed [M – H]+ ions. Earlier in 
Chapter 5, crotonaldehyde was introduced as a possible contaminant or isomerization 
product for both methyl vinyl ketone and methacrolein. As both methacrolein and 
crotonaldehyde form [M – H]+ ions when ionized by NO+ reagent ions, the [M – H]+ ions were
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Table 6.10: Dissociation of isomers isoprene and cyclopentene by CID 
(M+· at m/z 68 and C5H7+ ions at m/z 67). 
Table 6.11: Dissociation of M+· isomers isoprene and cyclopentene by 
IRMPD. 
                                                            
1 When parent and product ions were a single mass unit apart, it was difficult to isolate the parent ion 
(m/z 68). Any m/z 67 ion signal in the isolation spectrum was subtracted from the m/z 67 signal in the 
product ion spectrum or subtracted from the m/z 65 intensity if no m/z 67 intensity remained. 
 
 
 
 
MS2 MS3/MS2 
 
Parent Ion 
Intensity 
(counts)1 
 
Product Ion 
Intensity 
(counts) 
 
Parent Ion 
Intensity 
(counts) 
 
Product Ion 
Intensity 
(counts) 
isoprene m/z 68: 
100% 
(1882) 
m/z 67: 99% MS3 m/z 
67: 
100% 
(2286) 
m/z 65: 
46% 
m/z 41: 
25% 
cyclopentene m/z 68: 
100% 
(2096) 
m/z 68: 2% 
m/z 67: 93% 
MS2 m/z 
67: 
100% 
(1827) 
m/z 67: 5%
m/z 65: 
50% 
m/z 41:  
25% 
 isoprene cyclopentene 
IRMPD Time 
(ms) 
15 50 200 15 50 200 
Parent 
Intensity 
(counts) 
m/z 68 
(5133) 
m/z 68 
(4695) 
m/z 
68 
(4471)
m/z 68 
(5629)
m/z 68 
(5162) 
m/z 68 
(5045) 
m/z 68  
(% Parent) 
8 2 0 57 17 9 
m/z 67 
(% Parent)1 
87 82 0 29 48 1 
m/z 65  
(% Parent) 
0 24 94 3 36 87 
m/z 41  
(% Parent) 
0 1 2 1 2 2 
m/z 39  
(% Parent) 
0 0 3 0 0 3 
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 dissociated using CID and IRMPD. CID of the [M – H]+ ions produced a common product 
ion at m/z 41, with minor additional dissociation of m/z 41 to m/z 39 (Table 6.12). The 
[M – H]+ ions of both methacrolein and methacrolein dissociate to m/z 41 by a loss of 28 
daltons. The [M – H]+ ions of methacrolein dissociated even at a relatively short (25 ms) 
irradiation time. This dissociation was unexpected because the energy required for 
photodissociation of methacrolein’s [M – H]+ ions seems to be much less than the energy 
required to dissociate the protonated methacrolein molecules. Recall from Chapter 6.3.2 
that little dissociation of the [M + H]+ ions was observed even up to ~ 200 ms irradiation 
time. To determine if the loss of 28 daltons from the [M – H]+ aldehyde ions was due to a 
loss of ethene or carbon monoxide, a separate experiment was performed where the 13C 
peak of the [M – H]+ ions was dissociated using CID. The ratio of m/z 41 to m/z 42 product 
ions was ~ 1:3, confirming the loss of neutral ethene.  
6.4.3 2-Methylfuran and Cyclohexene: C5H6O and C6H10 Isobars 
 When ionized by NO+ reagent ions, 2-methylfuran and cyclohexene both formed 
molecular ions (M+· at m/z 82) via charge transfer. Ionization of cyclohexene ions also 
produced C6H9+ ions (m/z 81). The molecular ions of both isobars were isolated and 
dissociated using CID and IRMPD. The CID results are shown in Table 6.13 where the 
activation voltage was 90 mVp-p and the parent ions had a qz value of 0.25. The molecular 
ion of cyclohexene dissociated to form ions at m/z 67 due to a concerted retro-Diels-Alder 
decomposition, producing the resonance stabilized diene at m/z 67 by the loss of a methyl 
radical.63 The molecular ion of 2-methylfuran dissociated to form m/z 81 (C6H9+) ions and 
m/z 54 ions from a neutral loss of 28 daltons. This is the first instance discussed in this 
chapter where dissociation resulted in unique product ions for both isobaric species.  
In a separate experiment, the molecular ions of the isobars were dissociated using 
IRMPD (Table 6.14). Note that the irradiation time was increased from 100 ms for 
cyclohexene to 200 ms for 2-methylfuran because little dissociation of 2-methylfuran was
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Table 6.12: CID and IRMPD of [M – H]+ ions of methacrolein and 
crotonaldehyde. 
  
 Parent Ion 
Intensity 
(counts) 
Method Product Ion Intensity 
(% Parent Ion 
Intensity) 
methacrolein [M - H]+: 100% 
(5481) 
m/z 69 
CID m/z 41 (69) 
IRMPD m/z 69 (51) 
m/z 68 (3) 
m/z 67 (1) 
m/z 65 (2) 
m/z 41 (28) 
m/z 39 (8) 
crotonaldehyde [M - H]+: 100% 
(6619) 
m/z 69 
CID m/z 69 (5) 
m/z 41 (54) 
m/z 39 (1) 
IRMPD m/z 69 (17) 
m/z 65 (1) 
m/z 41 (27) 
m/z 39 (20) 
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Table 6.13: CID of the molecular ions of 2-methylfuran and 
crotonaldehyde. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 6.14: IRMPD of the molecular ions of 2-methylfuran and 
crotonaldehyde. 
 
 Parent Ion Intensity 
(counts) 
Product Ion 
Intensity (counts) 
2-methylfuran M+• (2295)  m/z 81 (1668) 
m/z 54 (490) 
cyclohexene M+• (776) m/z 67 (692) 
 IRMPD 
Time 
(ms) 
Parent Ion Intensity 
(counts) 
Product Ion Intensity  
(% Parent Ion) 
2-methylfuran 200 M+• (6249) 
(C6H9+ (95)) 
m/z 82 (10) 
m/z 81 (9) 
m/z 54 (1) 
m/z 53 (2) 
m/z 52 (2) 
m/z 51 (43) 
m/z 50 (3) 
cyclohexene 100 M+• (6213) 
(C6H9+ (125)) 
m/z 67 (1) 
m/z 65 (61) 
m/z 51 (1) 
m/z 39 (18) 
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observed for a 100 ms irradiation time. The product ion spectra showed minor intensities for 
a number of ions (≤ 2% the parent ion intensity). When comparing the IRMPD product ions 
with the CID product ions, IRMPD produces more varied product ions: cyclohexene’s m/z 67 
product ion dissociates to m/z 65 and 2-methylfuran’s m/z 54 product ions dissociate to ions 
with lower masses. Cylohexene’s product ion at m/z 39 is likely due to the loss of ethene 
from m/z 67.  
 
6.5 Summary and Conclusions 
 In this chapter, three pairs of VOC isomers or isobars were dissociated using CID 
and IRMPD. The goal of this work was to explore dissociation pathways and determine if 
dissociation products can be used to differentiate between these VOC isomers and isobars. 
The results presented in this chapter indicate that dissociation methods are generally not 
useful for distinguishing VOC isomers and isobars: the isomeric and isobaric VOC pairs 
usually dissociated to form product ions having the same mass-to-charge ratios. 
Researchers have used the knowledge of relative product ion abundances for different 
isomers to identify the presence of a single isomer.32 For example, the ratio of m/z 41 to m/z 
43 product ions can be used to identify the parent ion as protonated methyl vinyl ketone or 
methacrolein/crotonaldehyde. Using relative product ion abundances would be difficult, 
however, if studying a mixture of isomers, or if one isomer was present at a low 
concentration compared to another isomer. The parent and product ion abundances would 
also depend on the amplitude and frequency of the excitation waveform used for CID and 
the trapping conditions. The results presented in this chapter using IRMPD indicate that 
short irradiation times may be more useful than CID for distinguishing isomers based on 
differences in relative parent and product ion abundances. If the irradiation time can be 
tuned so that different isomers show different ratios of product ion abundances, then the 
isomers can be distinguished. IRMPD of the protonated C4H6O isomers is an ideal example 
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of this flexibility as protonated methacrolein showed little dissociation over a broad range of 
irradiation times up to ~ 200 ms.  
In general, IRMPD produced the same product ions as dissociation using CID; 
however, because the product ions were exposed to the IR photons during the IRMPD 
experiment, the product ions themselves often underwent further dissociation. The IRMPD 
results can be imagined as a combination of dissociations from multiple stages of CID. Thus, 
while the IRMPD spectra contained more chemical information in the form of more diverse 
product ion masses, the genealogy of the product ions was lost. MSn experiments using CID 
provided most of the missing genealogy information, demonstrating how CID and IRMPD 
are complementary methods to study the dissociation pathways and product ions of VOCs. 
 For the VOC isomer and isobar pairs studied in this chapter, CID was only useful to 
distinguish the isobaric molecular ions of 2-methylfuran and cyclohexene.  In the case of 
isomeric protonated methyl vinyl ketone and methacrolein, their isobaric m/z 43 product ions 
were distinguished by either dissociating the 13C peak of the protonated parent ion, or by 
dissociating the deuterated ([M + D]+) parent ions. While the 13C dissociation will likely be 
impossible when low concentrations of VOCs are used, dissociation of [M + D]+ ions is a 
promising method to study isobaric VOC parent or product ions. 
 In addition to providing product ion information, IRMPD was useful to study the 
isomers methyl vinyl ketone, methacrolein, and crotonaldehyde. Protonated methacrolein 
showed little dissociation when exposed to the IR laser beam for a 50 ms irradiation time 
while protonated methyl vinyl ketone and crotonaldehyde both dissociated readily. 
Protonated methyl vinyl ketone dissociated to form acetyl product ions (m/z 43) while 
protonated crotonaldhyde underwent several dissociations to form m/z 41 and m/z 39 
product ions. These results suggested that crotonaldehyde was a contaminant in 
experiments involving methyl vinyl ketone or methacrolein. IRMPD is the only method 
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described in this dissertation that can distinguish between all three of the C4H6O isomers 
studied. 
 
 
 
 
 
 
 
 
 
 
 
Chapter 7 
Methods to Distinguish Acetyl and Isopropyl Cations using  
Ion-Molecule Reactions 
 
7.1 Introduction 
Several methods described in Chapter 6 were useful to identify the isobaric acetyl 
and isopropyl product ions (m/z 43) from the dissociation of protonated methyl vinyl ketone, 
methacrolein, and crotonaldehyde (C4H6O isomers). Isopropyl product ions were identified 
by CID (MS3); when dissociated, isopropyl ions produced allyl product ions at m/z 41. 
Dissociation of the 13C peak of the protonated C4H6O isomers produced peaks at m/z 43 and 
m/z 44 having different abundance ratios depending on the identity of these product ions. 
The 13C results confirmed that protonated methacrolein and crotonaldehyde dissociated to 
isopropyl product ions while protonated methyl vinyl ketone dissociated to acetyl cations. 
Dissociation of the [C4H6O + D]+ isomers using CID produced product ions at m/z 43 or m/z 
44, depending on whether the deuterium was retained in the product ion or lost in the 
neutral. The deuterium was retained in the product ion for the dissociation of the  
[C4H6O + D]+ ions of methacrolein and crotonaldehyde while the deuterium was lost in the 
neutral for the dissociation of [C4H6O + D]+ ions of methyl vinyl ketone. The dissociation 
schemes for protonated methyl vinyl ketone, methacrolein, and crotonaldehyde are 
summarized in Schemes 6.2 – 6.4. 
To further study the m/z 43 product ions of protonated methyl vinyl ketone, methacrolein, 
and crotonaldehyde, two different selective gas phase ion-molecule reactions 
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were employed. These results are described in Chapter 7. The acetyl cation is an example 
of the class of ions known as acylium ions. Gas-phase acylium ions have been studied 
extensively in the mass spectrometry literature as many acylium ions form unique ion-
molecule reaction product ions when reacted with different neutral gases, including 2-
methoxyethanol.64 The first ion-molecule reaction studied was the reaction of the m/z 43 
product ions with neutral 2-methoxyethanol in the trapping volume of the QITMS. In the 
second ion-molecule reaction experiment, the three C4H6O isomers were ionized by 
deuterium transfer from D3O+ reagent ions. CID of [C4H6O + D]+ produced acetyl and 
isopropyl product ions which were then reacted with neutral D2O in the QITMS to study the 
H/D exchange behavior of the isopropyl and acetyl cations.  
 
7.2 Ion-Molecule Reactions of Gas-Phase Acylium Ions 
7.2.1 Background 
 The reactions of ions with neutral molecules in the gas phase have been studied 
extensively to explore the structure and functional groups of ions, and to distinguish 
isomers, isobars, and stereoisomers.64, 65 Much of the work to study gas-phase ion-molecule 
reactions of acylium ions has utilized a pentaquadrupole mass spectrometer (Q1q1Q2q2Q3), a 
linear combination of three mass-selective quadrupoles (Q1-3) and two rf-only quadrupoles 
(q1-2).65 This “tandem-in-space” approach typically uses Q1 to select the parent ion of the 
acylium ion, then q1 is used as a collision cell to dissociate the selected precursor ion, 
forming the acylium product ions. Q2 selects the acylium ions according to mass-to-charge 
ratio and q2 is used as a reaction chamber where the acylium ion-molecule reaction occurs 
with a neutral gas leaked into q2. The final ion-molecule reaction products are then mass 
analyzed by Q3.  
 Similar experiments to those completed using a pentaquadrupole mass spectrometer 
have been performed using a QITMS. As discussed in Chapter 1, the QITMS is a “tandem-
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in-time” instrument. Ions generated in the ionization source are extracted into the trapping 
volume of the QITMS where CID is performed. Product ions of interest can then be isolated 
by ejecting all other ions from the QITMS. The selected ions are reacted with neutral species 
introduced into the mass analyzer and the ionic ion-molecule reaction products are 
detected. In the QITMS, the products of the ion-molecule reaction can be further studied by 
dissociating these ions using a variety of methods including CID or IRMPD.    
Several ion-molecule reaction schemes have been utilized to study acylium ions and 
their related isomers and isobars using the pentaquadrupole mass spectrometer and the 
QITMS. For reference, several m/z 43 ions are shown in Figure 7.1:  the structure of the 
acetyl ion (a), and two common acetyl ion isomers, 1-hydroxyvinyl cation (b) and the oxiranyl 
cation (c). The structure of the isobaric isopropyl cation is shown in (d). Heats of formation 
(∆Hf) are also provided in Figure 7.1.66    
7.2.2 Ketalization Reactions of Acylium Ions 
 In a study using a pentaquadrupole mass spectrometer, acylium ions were reacted 
with a variety of α,β-diols and their amino, ether, thiol, and thioether analogs.67, 68 The 
acylium ions were found to react in a gas-phase reaction (Scheme 7.1) similar to the 
common liquid-phase conversion of aldehydes and ketones to cyclic acetals and ketals 
using a diol reagent.67 Specifically, the acetyl cation was formed by CID of acetylacetone 
ions using a pentaquadrupole mass spectrometer.68 The acetyl ion was reacted with 2-
methoxyethanol to generate ketalization product ions as shown in Scheme 7.1.68 A second 
experiment was performed using 18O-labeled acetyl cations. The ketalization product 
increased in mass by two units, confirming that the acetyl oxygen is incorporated into the 
ketalization product. CID of the ketalization product regenerated the acetyl cation as a 50/50 
mixture of labeled and unlabeled ions, confirming the reversibility of the reaction and the 
symmetric nature of the ketalization product ion.68  
  
131 
 
 
 
 
 
 
 
 
 
 
Figure 7.1: Chemical structures (a - c) of three m/z 43 isomers and (d) 
one isobar. Heats of formation (∆Hf) are also listed. 
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Scheme 7.1: The reaction of the acetyl cation with 2-methoxyethanol to 
form the ketalization product. 
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7.3 Hydrogen/Deuterium Exchange in the Gas Phase 
7.3.1 Background 
 As discussed in Chapter 7.2, ion-molecule reactions can be utilized to probe the 
structure and functionality of gas-phase acylium ions, including the acetyl cation. While the 
acetyl cation is the CID product ion of protonated methyl vinyl ketone, the isopropyl ion is 
the product ion from CID of protonated methacrolein and crotonaldehyde. To specifically 
study the isopropyl cation, H/D exchange was employed.  
The concept of inter- and intramolecular hydrogen exchange is fundamental to liquid 
and gas phase studies of molecules and ions. In the liquid phase, 1H nuclear magnetic 
resonance (NMR) is often employed to study molecular conformation and to monitor how 
hydrogen atoms participate in reactions.69 In the gas phase, mass spectrometry can be used 
to identify the product ions formed from ion-molecule reactions involving hydrogen, such as 
proton transfer and hydride abstraction (see Chapter 1).  
To further probe molecular conformation and reaction pathways, deuterium labeling 
can be used. One common approach is to synthesize a target molecule with a deuterium 
label; a selected hydrogen within the molecule is synthetically replaced with a deuterium or 
all of the hydrogens are replaced with deuterium atoms. The deuterium-labeled molecule is 
then ionized and detected using mass spectrometry. Another approach uses chemical 
ionization where a deuterium transfer process is employed to ionize the molecule of interest, 
forming [M + D]+ ions (see Chapter 6). Early research using chemical ionization mass 
spectrometry with the D2O reagent produced many different reagent ion species including 
D3O+, D5O2+, D7O3+, D9O4+, and D11O5+ which act as Brønsted acids that ionize many 
organic analytes via deuterium-transfer ionization.70  
7.3.2 Hydrogen/Deuterium Exchange of Hydrocarbons 
 In 1975, Freiser, Woodin, and Beauchamp used ion cyclotron resonance (ICR) 
spectroscopy to discover that [M + H]+ or [M + D]+ benzene ions underwent H/D exchange 
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with neutral D2O in the gas phase. Over the course of the reaction time, all of the ring 
hydrogens in the benzene molecule were replaced with deuterium atoms according to the 
following reaction schemes:71 
D2O+• + C6H6 → C6H6D+ + OD• Reaction 7.1 
D3O+ + C6H6 → C6H6D+ + D2O Reaction 7.2 
C6H6D+ + nD2O → C6H6-nDn+1 + nHDO Reaction 7.3 
The researchers determined that initial deuterium- or proton-transfer ionization of benzene 
was required for the subsequent H/D exchange of benzene’s ring hydrogens to occur. 
However, not all protonated aromatics demonstrated H/D exchange. To explain the actual 
H/D exchange process, the researchers hypothesized that an activated complex was formed 
with the labile hydrogen transferring to D2O (Scheme 7.2). Dissociation of the activated 
complex produced the “isotopically exchanged” starting reactants as the formation of HD2O+ 
is endothermic and the H/D exchange process is essentially thermoneutral.71  
MH+ + D2O ↔ [MH+•D2O] → [M•HD2O+] → Scheme 7.2 
[MD+•HDO] → MD+ + HDO 
Further studies supported the results of Freiser, Woodin, and Beauchamp and 
expanded the results to include deuterated reagents other than D2O.72, 73 The hypothesis of 
the formation of an activated complex resulting in H/D exchange was further probed by 
changing analytes and reagents to explore how gas phase basicity affects H/D  
exchange.74, 75 To achieve proton/deuterium transfer ionization, the reaction between 
reagent and analyte must be exothermic. However, for H/D exchange to occur following 
ionization, researchers found that the analyte and reagent must be exothermic by no more 
than ~ 84 – 105 kJ/mol (Reactions 7.4 – 7.6). 
D3O+ + MHn → [MHn + D]+ + D2O Reaction 7.4 
[MH2 + D]+ + D2O → [MDH + D]+ + HDO Reaction 7.5 
[MDH + D]+ + HDO → [MD2 + D]+ + H2O Reaction 7.6 
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In the case of exothermic reactions greater than ~84 -105 kJ/mol, the energy of the 
intermediate state is so high that the complex breaks apart before H/D exchange can 
occur.75  
Ausloos and Lias studied a series of endothermic H/D exchange processes by 
ionizing one reactant prior to observing the H/D exchange process. By performing the H/D 
exchange experiment according to Reaction 7.5, it was possible to study endothermic 
proton/deuterium-transfer ionization reactions (Reaction 7.4). The H/D exchange process 
was not observed for endothermic reactions greater than ~ 84 kJ/mol, which supports the 
idea of the activated complex (Scheme 7.2): the complex will not form for highly endothermic 
reactions.75 Furthermore, because H/D exchange is limited to a relatively narrow enthalpy 
difference between the reactants for the proton/deuterium transfer ionization process, H/D 
exchange will only occur in molecules containing an acidic proton at the site of proton 
transfer.71-75  
 
7.4 Experimental Methods 
7.4.1 Sample Preparation 
 Three TedlarTM sampling bags were filled with medical grade air and a concentrated 
headspace sample of methyl vinyl ketone, methacrolein, or crotonaldehyde was injected into 
each bag. The concentration of each species was ~ 10 ppm. The ion-molecule reactions 
described in this chapter are intended to identify and study the m/z 43 product ions of the 
three protonated C4H6O isomers with the intent that these methods can be extended to 
lower concentrations of VOC analytes in the future.  
7.4.2 Ion-Molecule Reactions with 2-Methoxyethanol 
 To study the acetyl cation, the product ion from the dissociation of protonated methyl 
vinyl ketone, 2-methoxyethanol was used as the reagent gas. 2-methoxyethanol has a 
proton affinity less that that of the C4H6O isomers, so 2-methoxyethanol can be utilized as 
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the proton transfer reagent and as the neutral gas for ion-molecule reactions in the 
quadrupole ion trap.60  
 A vial of 2-methoxyethanol was connected to the glow discharge source and the 
headspace gas leaked into the source region using a fine metering valve. A mass spectrum 
from constant glow discharge ionization of 2-methoxyethanol is presented in Figure 7.2. In 
Figure 7.2, “R” is used to refer to 2-methoxyethanol because it is the SICI reagent. Room air 
was leaked into the mass analyzer region at a pressure of ~ 6.5 x 10-5 Torr, but no helium 
was added to the mass analyzer. The glow discharge current was 0.6 mA and a 200 µsec 
gate time was used with an additional 100 ms time before spectrum acquisition. The 
spectrum shown in Figure 7.2 was an average of three scans and no background 
subtraction or noise removal methods were used.  
Several of the ions present in Figure 7.2 were previously identified in the literature: 
the protonated molecule ([R + H]+) and protonated dimer ([2R + H]+) at m/z 77 and m/z 153, 
respectively. While previous researchers have identified ions at m/z 59 and m/z 103 as ions 
resulting from hydroxide abstraction ionization of the reagent, it is more likely that m/z 59 is 
a fragment ion from the dehydration of the protonated molecule, [(R + H) – H2O]+. The ion at 
m/z 103 was identified in the literature as [(R – OH]R – CH3OH]+, though it seems unlikely 
that two 2-methoxyethanol molecules can incorporate to form the most abundant ion 
species in the mass spectrum. Future experiments will focus on identifying the ions at m/z 
103; in Figure 7.2 these ions are labeled as C5H11O2+.68 The ion at m/z 44 is likely due to the 
loss of methanol from the protonated molecule, [(R + H) – CH3OH]+. The ion at m/z 89 has 
been identified as C4H9O2+ ions (CH3OCH2CH2OCH2+).76, 77  
 The spectrum in Figure 7.2 shows that protonated 2-methoxyethanol is not the only 
reagent ion available to ionize the C4H6O isomers. A pulsed glow discharge experiment with 
a 6 second reaction time was performed using ~ 10 ppm methyl vinyl ketone as the analyte. 
At this long reaction time, virtually no protonated 2-methoxyethanol was available to ionize
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Figure 7.2: Spectrum from constant glow discharge ionization of 2-
methoxyethanol (R = 2-methoxyethanol = C3H8O2). 
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 the methyl vinyl ketone and none of the other reagent ions protonated the analyte to any 
significant extent. This result is similar to the situation described in Chapter 3.4 where the 
generation of the protonated acetone reagent using cGDI was discussed. To limit 
dimerization of acetone, a low pressure of the reagent was used and air or helium was 
leaked into the glow discharge source to increase the source pressure so that the glow 
discharge plasma could form. 
 To limit the concentration of 2-methoxyethanol present in the source and analyzer 
region, the pressure of the reagent was decreased to an analyzer pressure reading2 of 1.2 x 
10-6 Torr.78 Instead of using air or helium to sustain the glow discharge, a vial of nanopure 
water was interfaced with the source region as described in Chapter 2. The low proton 
affinity of water indicates that it should not react with the m/z 43 product ions via proton 
transfer. The pressure of water in the analyzer region was 1.0 x 10-5 Torr. The pressures of 
water and 2-methoxyethanol were carefully selected to achieve the two experimental goals 
of proton transfer ionization of the C4H6O isomers using hydronium ions while still 
maintaining enough neutral gas pressure of 2-methoxyethanol in the QITMS for the desired 
ion-molecule reactions to occur. Pulsed glow discharge ionization of the water/ 
2-methoxyethanol mixture was implemented according to the circuit described in Chapter 
4.2 with a 66.7 kΩ resistance for zone 1, a 2.862 kΩ resistance for zone 2, and a 3.597 kΩ 
resistance for zone 3. Pulse length I was generated with a 6.32 kΩ resistance and pulse 
length II was generated with a 138.26 kΩ resistance. The pressures of the VOC/air mixture 
and helium in the mass analyzer were the same as those used for pGDI-SICI using 
hydronium reagent ions (see Chapter 4.3). 
                                                            
2 While no known ionization gauge sensitivity factor exists to convert this pressure reading to 
the actual pressure of 2-methoxyethanol in the analyzer, the actual pressure is ~ 3 x 10-7 torr 
using the correction factor for ethanol.  
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Each C4H6O isomer was reacted for 6 seconds in the QITMS then the pulsed glow 
discharge was terminated. The protonated isomer was then isolated and dissociated using 
CID with a 75 mVp-p activation voltage; the parent ions had a qz value of 0.25. The m/z 43 
product ions were isolated and allowed to react with the neutral 2-methoxyethanol for 
various lengths of ion-molecule reaction time. When the ketalization ion-molecule reaction 
product or the protonated 2-methoxyethanol product were dissociated using CID, a 90 mVp-p 
activation voltage was used and the parent ions had a qz of 0.25.  
7.4.3 Ion-Molecule Reactions with D2O 
 D3O+ reagent ions were used to ionize methyl vinyl ketone, methacrolein, and 
crotonaldehyde, forming [C4H6O + D]+ ions. A vial of D2O was interfaced with the glow 
discharge source, increasing the source pressure to ~ 80 mTorr and the analyzer pressure 
to 7.1 x 10-6 Torr. Pulsed glow discharge ionization of D2O was implemented according to 
the circuit described in Chapter 4.2 with a 15.14 kΩ resistance for zone 1, a 1.210 kΩ 
resistance for zone 2, and a 4.93 kΩ resistance for zone 3. Pulse length I was generated 
with a 6.34 kΩ resistance and pulse length II was generated with a 9.99 kΩ resistance. Each 
TedlarTM sampling bag, containing ~ 10 ppm of each C4H6O isomer, was interfaced with the 
vacuum housing of the QITMS; the pressure of the analyte/air mixture was 6.5 x 10-5 Torr in 
the mass analyzer. Helium was added to the analyzer region to achieve a pressure of ~ 1 
mTorr. After reacting D3O+ reagent ions with a C4H6O isomer for 1 second, the [C4H6O + D]+ 
isomer was isolated then dissociated using CID. A 70 mVp-p activation voltage was used and 
the [C4H6O + D]+ ions had a qz value of 0.32. The product ions were reacted with the neutral 
D2O present in the trapping region of the QITMS for variable reaction times.  
7.4.4 Data Analysis 
Each spectrum was an average of three scans and three spectra were averaged 
together to provide the statistical information used in the figures and table in this chapter. 
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Spectra were processed to remove chemical noise according to the method described in 
Chapter 2.4 for the use of H3O+ ions. However, no background subtraction was used.  
 
7.5 Results and Discussion 
7.5.1 Reactions of m/z 43 Ions with 2-Methoxyethanol 
 When the m/z 43 product ions of protonated methyl vinyl ketone, methacrolein, and 
crotonaldehyde were reacted with 2-methoxyethanol, significant ketalization only occurred 
with m/z 43 product ions from protonated methyl vinyl ketone (Figure 7.3 and Table 7.1). 
Increasing the reaction time for m/z 43 product ions of protonated methyl vinyl ketone 
reacting with 2-methoxyethanol (Figure 7.3) increased the extent of the ketalization reaction 
(Scheme 7.1), producing abundant ketalization product at m/z 87. The presence of the 
ketalization product confirmed that methyl vinyl ketone’s major product ion at m/z 43 is the 
acetyl cation.  
Considering the results for methyl vinyl ketone (Figure 7.3 and Table 7.1) at a 1.2 
second reaction time, 8% of the total ion intensity was un-reacted m/z 43 ions, while 77% of 
the total ion intensity was ketalization product and 8% was proton transfer product  
([2-methoxyethanol + H]+). It is difficult to make a direct comparison between this data and 
the data presented in the literature using a pentaquadrupole mass spectrometer due to the 
differences in experimental setups. While the pressure of the neutral in the collision 
quadrupole was not provided in the literature, the ion-molecule reaction time was likely 
longer in the QITMS results described herein. The ketalization reaction did not go to 
completion in the QITMS results, and the extent of reaction was not discussed in the 
literature example.68 The pentaquadrupole data shows that while ketalization is the major 
reaction pathway for the acetyl cation, some protonation (~ 9%) of 2-methoxyethanol did 
occur. This 9% protonation is not directly comparable to the 8% protonation observed in the 
QITMS results presented here because of the 8% remaining unreacted acetyl cation in the
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Figure 7.3: (a) Plot of integrated peak intensity vs ion-molecule reaction 
time for protonated methyl vinyl ketone’s m/z 43 product ion reacting 
with 2-methoxyethanol, forming ketalization product (m/z 87) and proton-
transfer product (m/z 77). (b) Mass spectrum at 1.2 seconds of ion-
molecule reaction time. 
b) 
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Table 7.1: Integrated ion intensities from the reaction of m/z 43 ions with 
2-methoxyethanol (R). Intensities are listed as percentages of the total 
ion intensity for each reaction time.  
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QITMS results and an unknown percentage of unreacted acetyl cation in the 
pentaquadrupole results. 68 The general agreement between the QITMS data and the 
pentaquadrupole data supports the conclusion that protonated methyl vinyl ketone’s m/z 43 
product ion is the acetyl cation. Furthermore, CID of the ketalization product (m/z 87) 
regenerates the acetyl cation starting material (Figure 7.6(a)), as expected from the 
literature.68  
 Comparing the results from the reaction of protonated methacrolein’s and 
crotonaldehyde’s m/z 43 product ions with 2-methoxyethanol (Table 7.1 and Figures 7.4 – 
7.5) shows almost identical results. The major reaction pathway was protonation of  
2-methoxyethanol by the m/z 43 ions. For proton transfer ionization to occur, the proton 
affinity of 2-methoxyethanol must be higher than that of the neutral reactant. The isopropyl 
ion can be considered to be the protonated form of propene, which has a proton affinity of 
751.6 kJ/mol.60 Since the proton affinity of 2-methoxyethanol is 768.8 kJ/mol, the proton 
transfer is thermodynamically favorable.60 Protonated 2-methoxyethanol was formed from 
the reaction of m/z 43 product ions from protonated methacrolein reacting with 2-
methoxyethanol. CID of the protonated 2-methoxyethanol ions formed product ions at m/z 
59 from the dehydration of the parent ion (Figure 7.6(b)).  
When the isopropyl cation is reacted with 2-methoxyethanol, ketalization cannot 
occur because the isopropyl cation is a hydrocarbon. The minor amount of ketalization – 3% 
of the total ion intensity at a 1.2 second reaction time – observed for protonated 
methacrolein’s and crotonaldehyde’s m/z 43 CID product ions suggests minor methyl vinyl 
ketone contamination of the aldehyde solutions, or some isomerization of the protonated 
molecules in the QITMS. For additional discussion of contamination and isomerization 
issues, see Chapter 6.3.2. 
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Figure 7.4: (a) Plot of integrated peak intensity vs ion-molecule reaction 
time for protonated methacrolein’s m/z 43 product ion reacting with  
2-methoxyethanol, forming proton-transfer product (m/z 77) and very 
minor ketalization product (m/z 87). (b) Mass spectrum at 1.2 seconds of 
ion-molecule reaction time. 
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Figure 7.5: (a) Plot of integrated peak intensity vs ion-molecule reaction 
time for protonated crotonaldehyde’s m/z 43 product ion reacting with  
2-methoxyethanol, forming proton-transfer product (m/z 77) and very 
minor ketalization product (m/z 87). (b) Mass spectrum at 1.2 seconds of 
ion-molecule reaction time. 
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Figure 7.6: (a) Isolation (black) and CID (red) of the ketalization product 
from m/z 43 CID product ions of protonated methyl vinyl ketone reacting 
with 2-methoxyethanol. (b) Isolation (black) of and CID (red) of 
protonated 2-methoxyethanol, the product from m/z 43 product ions of 
protonated methacrolein reacting with 2-methoxyethanol.  
a) 
b) 
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7.5.2 H/D Exchange Reactions of Product Ions from Three [C4H6O + D]+ Isomers 
 As discussed in Chapter 6.3.2, CID of [C4H6O + D]+ ions of methyl vinyl ketone, 
methacrolein, and crotonaldehyde produced major product ions at m/z 43 for the ketone and 
m/z 44 for the aldehydes. In the case of the aldehydes, dissociation resulted in the loss of 
carbon monoxide so the deuterium was retained in the isopropyl product ions. For methyl 
vinyl ketone, the deuterium was lost in the neutral ethene so that the acetyl cations had a 
mass-to-charge ratio of 43 daltons.  
 The CID product ions from the [C4H6O + D]+ isomers were reacted with neutral D2O 
present in the QITMS for several different reaction times. Both methacrolein’s and 
crotonaldehyde’s m/z 44 product ions reacted with the D2O present in the QITMS via H/D 
exchange, eventually forming the fully deuterated isopropyl ion at m/z 50 (Figures 7.7 and 
7.8). H/D exchange can only occur when the difference in the gas-phase basicities of the 
reactants are less than ~90 kJ/mol. When the reaction is highly endothermic or exothermic, 
the activated complex for the H/D exchange is inaccessible, or dissociates before H/D 
exchange can occur, respectively. Again, the isopropyl ion is essentially the protonated form 
of propene, having a proton affinity of 751.6 kJ/mol.60 The proton affinity of D2O is usually 
assumed to be the same as water, 691.0 kJ/mol, so the difference in proton affinity between 
the reactants is only 60.6 kJ/mol, well within the range for H/D exchange to occur.60  
It is interesting to note that the intensity of the minor C3H4D+ product at m/z 42 
remains unchanged for the duration of the experiment. H/D exchange experiments have 
been used to study two C3H5+ ions: the allyl cation and the 2-propenyl cation.79 The heats of 
formation of these ions are only 23.2 kJ/mol different, with the allyl cation structure being 
slightly more stable than the 2-propenyl cation structure. However, a high energy barrier 
separates these isomers which may be due to a twisted allyl cation intermediate.80 Because 
of this energy barrier, H/D exchange does not occur with the allyl cations. The C3H4D+ 
product ions can therefore be identified as allyl cations.  
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Figure 7.7: (a) Ion-molecule reaction product ions from the reaction of 
neutral D2O with CID product ions of deuterated methacrolein. (b) 
Spectra from the reaction described: (left) 0 sec reaction time and (right) 
0.8 sec reaction time.  
b) 
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Figure 7.8: (a) Ion-molecule reaction product ions from the reaction of 
neutral D2O with CID product ions of deuterated crotonaldehyde. (b) 
Spectra from the reaction described: (left) 0 sec reaction time and (right) 
0.8 sec reaction time.  
0.0 0.2 0.4 0.6 0.8
0
2000
4000
6000
8000
10000
 m/z 43
 m/z 44
 m/z 45
 m/z 46
 m/z 47
 m/z 48
 m/z 49
 m/z 50
In
te
gr
at
ed
 In
te
ns
ity
Ion-Molecule Reaction Time (sec)
a) 
b) 
150 
 
 The CID product ions from the dissociation of [M + D]+ ions of methyl vinyl ketone 
were reacted with D2O (Figure 7.9). The acetyl cation at m/z 43 did not react to any 
statistically significant extent with D2O. The small amount of C3H6D+ product ions at m/z 44, 
likely due to sample contamination by crotonaldehyde, reacted with the D2O to form a 
number of deuterium-containing products at higher masses. H/D exchange was not 
expected for the acetyl cations because it was not observed for carbonyl compounds 
studied in the literature and the only hydrogens available for exchange are not acidic.75 
 
7.6 Summary and Conclusions 
 The major product ions from the dissociation of [C4H6O + H]+ and [C4H6O + D]+ 
isomers were studied using two different ion-molecule reactions. The [C4H6O + H]+ isomers 
were dissociated using CID and the m/z 43 product ions reacted with 2-methoxyethanol. 
The acetyl cation, the product ion from protonated methyl vinyl ketone, reacted with  
2-methoxyethanol to form the ketalization product at m/z 87. This ketalization reaction is 
unique to the class of acylium ions of which the acetyl cation is a member. CID of the 
ketalization product re-formed the acetyl cation. The isopropyl cation was generated from 
CID of protonated methacrolein and crotonaldehyde. When reacted with 2-methoxyethanol, 
the isopropyl cations simply protonated the neutral 2-methoxyethanol. CID of protonated  
2-methoxyethanol resulted in dehydration and did not regenerate the isopropyl cation. Ion- 
molecule reactions of m/z 43 ions with 2-methoxyethanol were useful to identify the acetyl 
cation due to the unique ketalization reaction observed.  
 Considering the reaction of m/z 43 product ions with 2-methoxyethanol in the larger 
context of this dissertation, additional method development is needed to utilize this ion-
molecule reaction with sub-ppm concentrations of VOC starting material. About 10 ppm of 
each C4H6O isomer was used in the experiments described in this chapter to confirm that 
the ion-molecule reactions can be implemented using a QITMS and to study the differences
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Figure 7.9: (a) Ion-molecule reaction product ions from the reaction of 
neutral D2O with CID product ions of deuterated methyl vinyl ketone. (b) 
Spectra from the reaction described: (left) 0 sec reaction time and (right) 
0.8 sec reaction time.   
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 in the product ions from protonated methyl vinyl ketone, methacrolein, and crotonaldehyde. 
Experimentally, it was simpler to introduce 2-methoxyethanol into the source region of the 
QITMS along with H2O vapor as the source is at a higher pressure than the analyzer region. 
However, this resulted in a competition between 2-methoxyethanol and the C4H6O isomers 
for the “free” proton in H3O+. Ideally, H2O would be introduced into the source region to form 
H3O+ reagent ions. The C4H6O isomers would be ionized in the QITMS by proton transfer 
ionization. After the protonated molecules are dissociated using CID, 2-methoxyethanol gas 
could be pulsed into the analyzer region where the ion-molecule reactions would occur. 
While this setup potentially allows for lower concentrations of VOCs to be studied, the 
carryover of 2-methoxyethanol would need to be minimized not only from experiment to 
experiment, but also from each spectrum acquisition to the next, preventing the ionization of 
2-methoxyethanol by H3O+ reagent ions.  
 The second ion-molecule reaction described in this chapter was the reaction of D2O 
with CID product ions from [C4H6O + D]+ isomers. Dissociation of the [C4H6O + D]+ ions of 
methacrolein and crotonaldehyde produced isopropyl product ions containing a single 
deuterium atom. The isopropyl ions reacted via H/D exchange with neutral D2O. At 0.8 
seconds of reaction time, there was ion signal intensity at m/z 50 indicating that all 
hydrogens in some isopropyl ions had been replaced by deuterium atoms. The proton 
affinity difference between the neutral form of the isopropyl ion, propene, and water/D2O is 
only 60.6 kJ/mol, making the thermoneutral H/D exchange reaction possible. In contrast, no 
H/D exchange was observed with acetyl product ions from the dissociation of methyl vinyl 
ketone’s [C4H6O + D]+ ions.  
 Ion-molecule reactions using D2O do not suffer from the VOC concentration 
limitations present for the 2-methoxyethanol experiment. D2O was the only gas leaked into 
the source region of the QITMS instrument, producing D3O+ reagent ions in the glow 
discharge and providing a supply of neutral D2O that entered the QITMS so that the desired 
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ion-molecule reactions could occur. The high VOC concentrations used in this chapter 
allowed for the complete deuteration of isopropyl ions over long ion-molecule reaction times. 
Spreading the ion signal across seven mass units was enough to severely decrease the 
signal intensity at each mass-to-charge ratio. While it is interesting to observe this spread, 
complete deuteration would not be needed to identify the isopropyl ions using ion-molecule 
reactions with D2O. When the [C4H6O + D]+ isomers are dissociated, the isopropyl and 
acetyl product ions appear at different mass-to-charge ratios. However, if the protonated 
C4H6O isomers were dissociated, then the product ions would be indistinguishable as both 
acetyl and isopropyl product ions would appear at m/z 43 in the mass spectrum. If neutral 
D2O was pulsed directly into the mass analyzer region after the m/z 43 ions had been 
isolated in the QITMS, then exchanging single hydrogen atoms for deuterium atoms would 
be enough to detect the presence of isopropyl ions, making H/D exchange a promising 
method for identifying isopropyl ions in a mixture with acetyl cations. 
 
 
 
 
Chapter 8 
Conclusions and Future Directions 
 
8.1 Introduction 
 The results described in this dissertation detail several methods for detecting volatile 
organic compounds (VOCs) using selected-ion chemical ionization (SICI) in a quadrupole 
ion trap mass spectrometer (QITMS). This work focused on six VOCs: isomers isoprene and 
cyclopentene, isomers methyl vinyl ketone and methacrolein, and isobars 2-methylfuran and 
cyclohexene. The isobaric compounds have different chemical structures but have the same 
nominal mass-to-charge ratios; the resolution of the QITMS is not sufficient to separate 
isobaric ion species. Several different reagent ion species were utilized to ionize these 
VOCs. The reagent ions included hydronium, nitric oxide, and protonated acetone reagent 
ions. The ability to use different ionizing reagents increases the selectivity of VOC analyses: 
the hydronium ion is useful for ionizing all of the VOCs studied herein, but nitric oxide and 
protonated acetone reagent ions only ionize a select subset of these VOCs. Specifically, 
nitric oxide and protonated acetone reagent ions were used to distinguish between the 
isomeric and isobaric VOCs studied. The ionized VOCs were further studied by subjecting 
these ions to collision-induced dissociation (CID) and infrared multiphoton photodissociation 
(IRMPD). The focus of these dissociation experiments was to determine if the mass-to-
charge ratios of specific product ions could be used to identify the isomeric or isobaric 
parent ions. Finally, isobaric CID product ions from the dissociation of protonated isomers 
methyl vinyl ketone, methacrolein, and crotonaldehyde were studied using two different ion- 
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molecule reactions. The results described in this dissertation are summarized in Chapter 8 
and future research directions are outlined.  
 
8.2 Selected-Ion Chemical Ionization of Volatile Organic Compounds 
  In Chapter 3, several methods to generate reagent ions for SICI using constant glow 
discharge ionization (cGDI) were discussed. Hydronium reagent ions were generated from 
cGDI of water headspace vapor. Constant glow discharge ionization of air produced nitric 
oxide reagent ions. Glow discharge of an acetone and helium mixture produced protonated 
acetone reagent ions.  
 Generating reagent ions using cGDI had several serious limitations. Most notably, 
ions generated in the glow discharge source leaked into the quadrupole ion trap during the 
SICI ion-molecule reaction time. Hydronium ions are formed in the glow discharge source 
from the reaction of H2O+• with neutral water. When H2O+• ions leaked into the mass 
analyzer, oxygen and other air molecules present in the quadrupole ion trap were ionized. 
Any ions generated from air were ejected from the quadrupole ion trap so that the air ions 
could not ionize the analyte. When NO+ reagent ions were generated during cGDI of air, O2+• 
ions were also formed. While the concentration of O2+• ions could be minimized, the 
presence of oxygen ions in the quadrupole ion trap resulted in ionization of the VOC 
analytes by both NO+ reagent ions and O2+• ions.  
 To address the problems associated with generating reagent ions using cGDI, a 
pulsed glow discharge ionization (pGDI) method was developed. Results using pGDI-SICI to 
ionize VOCs were described in Chapters 4 and 5. To implement pGDI, an electrical circuit 
was designed and constructed to control the glow discharge power supply. The circuit 
allowed the user to control the amplitude and duration of the glow discharge voltage pulse. 
Surprisingly, when pGDI was used to generate hydronium reagent ions during ion injection, 
it was found that hydronium ions were lost from the quadrupole ion trap during the 
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subsequent ion-molecule reaction time. Ion losses were primarily due to scattering collisions 
between the hydronium ions and air molecules in the quadrupole ion trap. The glow 
discharge pulse was then extended into the ion-molecule reaction time to deliberately allow 
hydronium ions to leak into the quadrupole ion trap. Terminating the glow discharge before 
spectrum acquisition reduced the instrumental noise to ~ 4% of that present during cGDI-
SICI. When current is flowing through the glow discharge plasma during spectrum 
acquisition, the instrumental noise in the mass spectrum is increased due to a combination 
of non-mass resolved ions, photons, electrons, and/or fast or excited state neutrals hitting 
the detector.49 Pulsing the glow discharge off before spectrum acquisition removed these 
sources of instrumental noise.  
 SICI was performed using pGDI to generate hydronium reagent ions. All of the six 
VOCs listed in Chapter 8.1 were protonated by the hydronium reagent ions. Calibration 
curves were constructed for isoprene, methyl vinyl ketone, and methacrolein to determine 
the method’s detection limits. The detection limits ranged from 49 to 180 ppb. While the 
detection limits are higher than the single-digit ppb and ppt levels attainable using SIFT-MS 
and PTR-MS, respectively, the SICI detection limits likely represent an upper limit to the true 
method detection limit.18, 57 The VOCs were prepared by filling an evacuated chamber with 
VOC headspace gas, withdrawing a sample of the VOC gas from the chamber, then diluting 
the sample with air in a TedlarTM sampling bag. The concentration of the VOC in the 
TedlarTM sampling bag was calculated from the pressure of the VOC headspace in the 
evacuated chamber. Any air leaking into the evacuated chamber would falsely increase the 
calculated concentration of VOC in the TedlarTM sampling bag and make the limit of 
detection worse than its true value. 
 Nitric oxide reagent ions were generated from pGDI of room air. Any oxygen ions 
formed in the glow discharge were ejected from the quadrupole ion trap after the glow 
discharge pulse was terminated. The NO+ reagent ions were then reacted with the six 
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VOCs. These results were described in Chapter 5. When reacted with NO+ reagent ions, 
isoprene, cyclopentene, 2-methylfuran, and cyclohexene were ionized by charge-transfer 
ionization. While all four VOCs formed the molecular ion (M+•), the cyclic VOCs also 
fragmented to form ions having a mass-to-charge ratio one dalton less than the molecular 
ions. The fragment ions from cyclopentene and cyclohexene can be used to identify these 
VOCs in a mixture with isoprene or 2-methylfuran, respectively. When NO+ reagent ions 
were used to ionize methyl vinyl ketone and methacrolein, methyl vinyl ketone formed a low-
intensity adduct ion while methacrolein’s hydride abstraction ([M – H]+) ion was formed. 
Methacrolein’s [M – H]+ ions can be used to identify methacrolein in a mixture with methyl 
vinyl ketone.  
Calibration curves were constructed for the reaction of NO+ reagent ions with 
isoprene and methacrolein; these results were presented in Chapter 4. The detection limit 
was 50 ppb for isoprene and 176 ppb for methacrolein. The high detection limit for 
methacrolein indicates that hydride abstraction may have a slower reaction rate than 
charge-transfer ionization using SICI. 
 Protonated acetone reagent ions were generated using pGDI and reacted with the 
six VOCs. These results were described in Chapter 5. Proton transfer ionization of a VOC 
only occurs when the proton affinity of the VOC is greater than that of neutral acetone. Thus, 
only three of the six VOCs were ionized: isoprene, methyl vinyl ketone, and 2-methylfuran. 
Ionization of these three VOCs shows how protonated acetone reagent ions can be used to 
selectively ionize a single isomer or isobar from a binary mixture.   
 
8.3 Methods to Distinguish Isomeric and Isobaric VOCs using Dissociation 
Techniques 
 Most VOC molecular ions and protonated molecules were dissociated using CID and 
IRMPD. These results were described in Chapter 6. Specifically, the dissociation methods 
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were employed to determine if VOC isomers and isobars could be identified by product ions 
having different mass-to-charge ratios or by different extents of parent ion dissociation. 
IRMPD usually produced product ions having more varied mass-to-charge ratios than those 
produced by CID. This was due to the fact that in IRMPD, product ions are exposed to the 
infrared photons and can be further dissociated. 
 In general, CID and IRMPD of a pair of VOC isomers or isobars produced product 
ions having indistinguishable mass-to-charge ratios. The notable exception to this trend was 
the dissociation of the molecular ions of isobaric 2-methylfuran and cyclohexene using CID. 
The isobars dissociated to product ions having different mass-to-charge ratios.  
Occasionally MS3 analyses were useful for identifying isomeric or isobaric VOCs. 
CID (MS2) of protonated methyl vinyl ketone generated acetyl product ions (m/z 43) while 
CID of protonated methacrolein produced isopropyl cations (m/z 43).32 The isobaric acetyl 
and isopropyl product ions had the same mass-to-charge ratios because of the resolution of 
the QITMS. Dissociating the isopropyl cations using CID (MS3) generated allyl cations at m/z 
41 which can be used to distinguish methacrolein from a mixture with methyl vinyl ketone. 
The dissociation pathways of several VOCs were studied by dissociating [M + D]+ parent 
ions. Glow discharge ionization of D2O headspace generated D3O+ reagent ions which were 
used to ionize the VOCs. CID of the [M + D]+ ions was useful to distinguish isobaric product 
ions. Methyl vinyl ketone and methacrolein’s CID (MS2) product ions were distinguished 
when the [M + D]+ parent ions were dissociated: the deuterium was only retained in the 
isopropyl product ions, not the acetyl product ions. CID of [M + D]+ ions is a powerful tool for 
determining the identity of neutrals lost during dissociation and distinguishing between 
isobaric product ions. 
 Protonated methyl vinyl ketone, methacrolein, and a third isomer, crotonaldehyde, 
were dissociated using CID and IRMPD. The results from CID of protonated methyl vinyl 
ketone and methacrolein are described above; the dissociation of protonated 
159 
 
crotonaldehyde was similar to the dissociation of the other aldehyde isomer, methacrolein. 
Dissociation of the three protonated isomers using IRMPD produced a surprising result. 
Protonated methacrolein showed little dissociation when exposed to the IR laser beam for a 
50 ms irradiation time. Protonated methyl vinyl ketone and crotonaldehyde, however, both 
dissociated readily. Protonated methyl vinyl ketone dissociated to form acetyl product ions 
(m/z 43) while protonated crotonaldhyde underwent several dissociations to form allyl (m/z 
41) and propargyl (m/z 39) product ions. IRMPD is the only method described in this 
dissertation that can distinguish between methyl vinyl ketone, methacrolein, and 
crotonaldehyde.   
 
8.4 Methods to Distinguish Acetyl and Isopropyl Ions using Ion-Molecule Reactions 
 Protonated methyl vinyl ketone, methacrolein, and crotonaldehyde were dissociated 
using CID. Dissociation produced product ions at m/z 43 for all three of these isomers. The 
m/z 43 product ions were then reacted with neutral 2-methoxyethanol in the quadrupole ion 
trap. These results were described in Chapter 7. The acetyl cations, generated from 
protonated methyl vinyl ketone parent ions, reacted with 2-methyoxyethanol to form 
ketalization product ions at m/z 87.68 The isopropyl cations, formed from CID of protonated 
methacrolein or crotonaldehyde, did not form significant ketalization product with  
2-methoxyethanol; the isopropyl cations simply protonated the 2-methoxyethanol.   
 A second ion-molecule reaction was utilized to distinguish acetyl and isopropyl 
product ions. Methyl vinyl ketone, methacrolein, and crotonaldehyde were ionized by D3O+ 
reagent ions, then the [M + D]+ ions were dissociated using CID. The acetyl and isopropyl 
product ions reacted with neutral D2O in the quadrupole ion trap: the isopropyl ions reacted 
via H/D exchange with neutral D2O whereas no H/D exchange was observed with the acetyl 
product ions.   
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8.5 Future Directions for the Study of Volatile Organic Compounds using Selected-Ion 
Chemical Ionization 
 Currently, the major limitation preventing SICI from being competitive with other VOC 
detection methods is the limit of detection determined for SICI. The SICI limits of detection 
ranged from ~ 50 – 150 ppb while SIFT-MS and PTR-MS can detect VOCs in the single-digit 
ppb and ppt levels, respectively.18, 57 The detection limits of the SICI method should be 
confirmed using an alternate method to generate low concentrations of VOCs for calibration. 
Low concentrations of isoprene, for example, can be generated by diluting a pure isoprene 
gas standard available from Scott Specialty Gases (Longmont, CO). Using the pure gas 
standard for calibration should indicate the accuracy of the detection limits determined in 
this dissertation and address the concern that air leaks in the preparation of the VOCs led to 
a falsely poor calculated detection limit.  
 The detection limit for SICI using NO+ reagent ions can likely be improved by 
developing an alternate method to generate NO+ ions. In this work, pGDI of room air was 
used to generate NO+  ions. Any other air ions formed in the glow discharge were then 
ejected from the quadrupole ion trap before the SICI ion-molecule reaction time. Other 
researchers have ionized a mixture of NO in N2 to generate NO+ reagent ions.56 Forming a 
high concentration of NO+ ions over a short ion injection time could improve the detection 
limit and decrease the analysis time. A relatively small improvement to the method detection 
limit would make SICI-QITMS a competitive technique with SIFT-MS, particularly when 
considering the added MSn capabilities of the quadrupole ion trap mass spectrometer. 
 Future efforts should focus on developing additional SICI reagents with the goal of 
studying complex mixtures of VOCs. In this work, nitric oxide and protonated acetone 
reagent ions were useful for distinguishing between binary mixtures of VOC isomers and 
isobars. However, the VOCs present in the environment are significantly more diverse than 
the six VOCs studied herein. Developing additional reagents will allow more complex 
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mixtures of VOCs to be studied. A complex mixture, like that present in the environment, 
would likely require a combination of selective ionization using a variety of reagents coupled 
with dissociation methods like CID and IRMPD to distinguish each of the individual VOC 
components.  
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Appendix 1 
Average Profile Scans Program 
 
 The front panel/graphical user interface for Average Profile Scans.llb is shown below. 
The user first inputs the mass range of interest. The number of data sets, the number of 
averages per set, and the number to average are set by the user. For example, to average 
three scans, the program would need the inputs shown below: a single data set is being 
averaged producing one average of three scans  
In the example shown below, after setting the parameters in the front panel, running 
the program results in an initial prompt to select a profile mode scan. The mass scale is 
extracted from the selected scan. The program then prompts the user to select three files. 
The three files are processed to average the intensity values; these values are averaged on 
a point-to-point basis.  
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Appendix 2 
Pulsed Glow Discharge Ionization Circuit 
 
The circuit shown below was built to pulse the glow discharge power supply voltage. 
As described in Chapter 4.2.1, the circuit generates a three-state voltage output pulse which 
is applied to the external control input of the Ortec 556 power supply. The user controls the 
voltage level of each of the three states (zones 1 – 3) using variable resistors. In terms of 
timing, the user controls the overall length of the pulse (length II) and the length of the intial, 
high voltage, pulse (length I) using variable resistors. The circuit was powered using a +12 V 
and a – 5 V power supply. The + 12 volts was down-regulated to + 5 volts where required 
and a second voltage regulator was used to regulate the – 5 V supply.  
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